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Abstract

Semiconductors with an additional intermediate band (IB) have the potential to greatly improve
solar cell efficiency. Their theoretical efficiency limit is over 50% higher than that of standard semi-
conductor solar cells at full concentration. In practice however, their efficiencies are low compared
to this detailed balance limit. Part of the reason is that it has not been possible to optimize 1B
device geometry because no device model has existed that could capture all the effects present in
IB materials (e.g., charge transport inside the IB and self-consistent optics). In this thesis I intro-
duce my new device model for intermediate band semiconductors called Simudo. The software uses
the finite element method to solve the coupled Poisson/drift-diffusion (PDD) system of equations
that describe the carrier dynamics inside semiconductor (IB or not) devices, along with optical
propagation. I benchmark its accuracy on standard semiconductor problems against Synopsys
Sentaurus, and I find that not only does it give valid results but in fact converges to the solution
with a smaller number of mesh points by having quartic rather than merely quadratic solution
convergence with respect to the number of mesh points. I also demonstrate Simudo’s immediate
usefulness by answering the question of whether IB mobility can compensate for mismatched op-
tical absorption processes in different regions of the device. The device model work is preceded
by three introductory chapters bringing the reader up to speed on semiconductor device physics
and providing them with a primer on the finite element method. The coupled PDD equations
are numerically challenging to solve, and the road to development of Simudo tried a number of
formulations of the problem that were not successful. In the final chapter I discuss some of these

formulations and why they did not succeed.
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Table 2: Common symbols used in this thesis, adapted from [1].

Symbol Definition

Ug, Carrier density in semiconductor band k

Ex Band edge energy of band k; central energy of IB k
& Energy level of SRH trap

Sk Sign of carriers in band k (4 for VB, — for CB)

W Quasi-Fermi level (“imref”) of carriers in band k
fk Current density in band &
L4 Mobility of carriers in band &
Dy, Diffusion coefficient of carriers in band &
Sk Surface recombination velocity of carriers in band &
N Effective density of states for nondegenerate band k
k Integrated density of states for intermediate band k
Ny Acceptor doping concentration
Np Donor doping concentration
fr Filling fraction f = ux/Ny of IB k
fa Filling fraction of acceptor dopant
fp Filling fraction of donor dopant
frx (1 — fy) for positive sign and fj for negative sign
Jro0 Charge neutral filling fraction of IB k
Jk Net generation in band £ due to all generation and recombination
processes
T Temperature
I6] Equal to 1/(kgT), B is commonly known as the thermal energy
scale
kg Boltzmann constant
q Elementary charge
o, E ,p,€ Electrostatic potential, electric field, charge density, and permittiv-
ity
Qufin Optical absorption coefficient from band 7 to f at vacuum wave-
length A
J?Zt Optical cross section from band i to f
Dy s Photon spectral flux density at wavelength lambda in direction s
D\, 20)s  Photon flux in direction 5 from A; to Ay, ie., f;‘f D)5 dA
n Surface normal vector
5 Direction of light propagation

x1



Chapter 1

Introduction

1.1 Context

Free energy means you can do anything. Cheaper renewable energy means you can still do a lot
of things. One of them is addressing the modern climate crisis. For example, given sufficiently
cheap and abundant energy production, COs can be directly captured from the atmosphere. One
strong contender for renewable energy generation is solar power via photovoltaic (PV) technologies.
Although the PV market is booming now, standard cells have efficiencies limited by a fundamental
thermodynamic limit called the Shockley-Queisser (SQ) or “detailed balance” limit [4]. The SQ

limit is very general and only makes a few assumptions:
1. There is no nonradiative recombination;

2. All generated carriers either get collected at the contacts or recombine radiatively (emitting

a photon with energy E,);
3. An absorbed photon with energy hv > E, produces one carrier with energy F,; and
4. Infinite carrier mobility (i.e., the quasi-Fermi levels are flat).

The SQ limit restricts standard solar cell efficiency to 33.7% for normal illumination [4], and
40.7% under full concentration]] with a back reflectorf [4, [5]. It would be better to generate more
electricity from the same area on the ground. Several methods exist to break the SQ limit (by
breaking one of the assumptions of the SQ limit). One exists as a real product (multijunction
solar cells) and the rest are research activities|6]. In this thesis, we focus on an approach called
intermediate band solar cells (IBSC).

1Full concentration means sunlight is concentrated onto the solar cell to the maximum extent allowable by optics
and conservation of étendue.
2Mirror at the back of the device.



IBSCs have the potential to overcome the SQ limit by breaking the third assumption: the
material can absorb two photons with energy less than E, (which were previously not absorbed
at all) and produce a single mobile carrier with energy £,. Adding an intermediate band (IB)
between the conduction and valence bands was first suggested in |7]. The idea languished in
relative obscurity for about three decades until renewed interest in silicon sensitization to deeper
infrared appeared [8]. This led [9] to recalculate the SQ limit for IB devices, calculating the
fundamental Luque-Marti thermodynamic limit for IBSC as 42% under normal illumination [10]
and 63.7% under full concentration with back reflector [9]. Physical realizations of IB materials
include highly mismatched alloys [11}|12], quantum dots [13,|14], and bulk standard semiconductors
with deep-level impurities [15] |16]. Although the IB effect (two photon non-resonant absorption
giving photocurrent) has been observed, device efficiencies are unfortunately still low |17} 18|
relative to the theoretical detailed balance efficiencies. What gives?

Contrary to the detailed balance assumptions, the reality of current IBSC devices is less than
ideal. The non-ideal features can be roughly categorized as either material or device design is-
sues. IB materials are not abundant: there are no known naturally occurring intermediate band
materials, so they are all engineered materials. For an IB material to be appropriate for use in an
IBSC, both sub-bandgap optical absorption processes must be strong, the carrier lifetimes must be
sufficiently long, carrier mobility must be sufficiently large, and the semiconductor bandgap and
the energy level of the IB must have values that are well matched to the sunlight spectrum [17].
In quantum dot systems, absorption can be increased by increasing dot density |19} [20} [21} 22]. To
the extent that carrier lifetimes are determined by material defects, they can be improved. But if
the IB is the fundamental cause of the short carrier lifetime 23|, those IB materials may not be
capable of making good IBSCs. The junctions between IB materials and standard semiconductors
also need to be engineered to be high quality, allowing the free flow of electrons and holes but no
conduction from the IB itself [11].

Most of the IBSC requirements of a material are encoded in the IB figure of merit

kgT
v = =2— min(y;7;) min(a;)* (1.1)
q (2 (2
which can quickly predict whether an IB material is promising or not |23} 24, 25| given the material’s
conduction and valence band mobilities uc and py, carrier lifetimes 7o and 7y, sub-bandgap

absorptivities ay and a¢y, thermal energy kgT', and elementary charge qE]

3There are actually two figures of merit, depending on whether transport inside the IB material is drift- or
diffusion-dominated (which is a question about device design and can be achieved with appropriate doping profiles).
The figure stated in Eq. is the diffusive figure of merit. The drift figure of merit v is very similar, the only
difference being that it replaces the thermal energy kpT in Eq. with the bandgap E,.



However, material parameters are only half the problem. The other half of the problem is
device design. The detailed balance model cannot capture the effects of device design parameters
(e.g., layer thicknesses), so a device model is required instead.

Device models are important for designing and optimizing all optoelectronic devices [26]. It
would be prohibitively expensive to perform such design optimization by manufacturing candidate
devices and analyzing them. Device models allow this semiconductor research to be performed
in silicio (figuratively, rather than literally). Existing device models allow treatment of only
0-, 1-, and 2-band materials, but do not implement the PDE’s required for 3-band IB materials.
Moreover, unlike standard semiconductor photovoltaics, IB materials require self-consistent optics
since the light propagation depends on the sub-bandgap optical absorption which depends on the
IB filling fraction, which then depends on carrier densities and currents everywhere else inside
the device [27]. For example, we present an effect in IB materials which requires self-consistent
optics to be modelled: the sub-bandgap optical absorption processes depend on the IB’s filling
fraction (e.g., the IB—CB absorption process cannot happen if the IB is empty), so the sub-
bandgap optical absorptions must be matched to each other or else the VB—IB—CB process will
be limited by the weakest of its sub-processes. That is, unless the IB mobility is high enough to
equalize the filling fraction throughout a wide IB region — we show an example of this phenomenon
in Figures and we invite the reader to see a more in-depth treatment in [28]. The absence
of good device modeling (Table has hindered the development of IBSCs, as it has been hard to
simulate experiments accurately and impossible to systematically choose layer thicknesses, which
is essential to making high-efficiency devices.

To address this glaring gap in IBSC device modeling, we developed our own device model
named Simudo, a steady state Poisson/drift-diffusion device model supporting both standard and
intermediate band semiconductors, as well as self-consistent optics and arbitrary user-defined inter-
band processes (allowing the user to implement their own e.g., Auger recombination process).
Simudo is written in Python and uses the FEniCS finite element platform |29, 30, 31|, and has been
released as free and open source software available for all to use at github.com/simudo/simudo.

Chapters offer the background required for Chapter |5 which is a reproduction of the device
model paper introducing Simudo for the first time |I]. In that chapter, we show that Simudo
compares favourably and even outperforms commercial software Synopsys Sentaurus (Figure
on a reference problem by having quartic rather than quadratic convergence with respect to the
number of mesh points. We also demonstrate in Section Simudo’s ability to deal with 1B
devices by using it to answer a legitimate research question: can IB mobility can compensate for
mismatched optical absorption processes in different spatial regions of the device? (The answer is
“yes, and here’s some plots to tell you what mobility is necessary”. Further work on this question

using Simudo was performed in [28].) Finally, Chapter [f] shows some of the device model designs


https://github.com/simudo/simudo

that acted as precursors to Simudo, along with explanations as to why they failed.

1.2 Organization

The first three chapters are intended to be pedagogical, and hopefully useful to students new to
photovoltaics. As such, we proudly display intermediate steps in derivations, and we prioritize
qualitative behaviour and pedagogical value over quantitative accuracy.

Chapter [2]is a gentle introduction to semiconductor physics, with emphasis on carrier transport
and solar cells. The target audience is the average physics BSc who didn’t necessarily take solid
state physics.

Chapter [3] examines a common assumption introduced in the previous chapter called the law
of the junction, and derives rigorous bounds for its validity using minimal assumptions.

Chapter {4 is a gentle introduction to the finite element method, with emphasis on nonlinear
equations. The target audience is the average physics BSc who has never touched FEM and who
vaguely remembers Newton’s method from second year calculus.

Chapter 5| is the device model paper introducing Simudo for the first time [1].

Chapter [6] describes some of the many things that we tried and failed before arriving at the
working drift-diffusion formulation described in section [5.3.3]



Chapter 2
Semiconductor physics

This chapter is the solar cells physics primer that the author wishes they had read at the start of
their Masters degree. Hopefully you will find it useful too.

We start by considering carriers in uniform semiconductors, with (uniform) doping and electric
fields. We then move to a homojunction and introduce the depletion approximation. We derive
the J(V') (current as a function of applied potential) curve. Finally we compare the model against
a full drift-diffusion model.

2.1 Homogeneous slab of semiconductor

Consider a homogeneous slab of standard semiconductor at thermal equilibrium, with a conduction
band and a valence band. In the non-degenerate case where the Fermi level w is away from the
band edges £¢, &y (also known as the Boltzmann approximation) the carrier concentration uy in

the bands can be written as

Uc = Nce_ﬁ(gc_w) (21)
uy = Nve_ﬁ(w_&/) (22)

where w is the Fermi level, Ny is the effective density of states, and § = 1/kgT is the reciprocal
of the thermal energy.

Relaxing the thermal equilibrium condition yields an extremely useful relationship: suppose
that the carriers in each semiconductor band are at equilibrium with themselves (within the same
band, but not necessarily across bands). This assumption is reasonable because the picosecond

timescale for intra-band thermalizationl] is much shorter than the microsecond timescale for inter-

l“Thermalization” is the process that makes carriers’ energy distribution approach the Fermi-Dirac or Boltzmann



band thermalization (which is usually referred to as “recombination”). In this case, each band k

has its own pseudo-Fermi level w;, called a “quasi-Fermi level”. We can then write

uc = Npe Plée—wo) (2.3a)

uy = Nye Plv—E&v) (2.3b)
or more generally

wj, = Nye~*kPwr=&) (2.4)
where sy = 1 for holes and s¢ = —1 for electrons.

In the following subsections will first consider an undoped (“intrinsic”) semiconductor, and then

a doped (“extrinsic”) semiconductor. We will then introduce electric potential into Eq.

2.1.1 Intrinsic semiconductor

Assume thermal equilibrium, so that we = wy. In an undoped (intrinsic) semiconductor, every
electron in the conduction band must have come from the valence band (and therefore left a hole
behind), so uc = uy. We can solve for the intrinsic Fermi level w; = we = wy and carrier

concentration u; = ug = uy.

Uc Nce_ﬁ(gc_wi)

1= 2 = e (2.5)
1 = No-peotev—2uw) (2.6)
Vv
N
N_Zemewsv) _ 2wib (2.7)
1. Ny Ec+€&
Buw; = ~In ¥ 4y gZetev (2.8)

2 N¢ 2
The intrinsic carrier concentration u; is then simply
u; =/ u? (2.9)

=/ ucuy (2.10)
= .]\]01\7\/67[3(8075‘/)/2 (211)

distributions. Typically this process is just electron-electron scattering.



where £ — &y is the bandgap of the semiconductor.

2.1.2 Extrinsic semiconductor

2.1.2.1 Mass action law

We now relax the intrinsic condition (no longer require that uc = wuy).

This means that there

could be more of one type of carrier, and for now we will defer to the next section the answer to

“where did the excess carrier come from?”.
Using Eq. and [2.11], we obtain

uc
In— =Inuc — Inuy,;
i

zln(Ake*5@C*w0U<_1n( 4N5Ak@*5@0*&03)

1 1 —
lIlNc—ﬁ<gc—wc):| - |:§1HNC—|‘§1HNV —BC—

1 & +5
=3 ln — B +Buc
_%:L%
ﬁ(wc - wz)
and so
ue = uze’we—wi)
More generally,

Up = uieskﬁ(wi—wk)

We can also write

uieskﬁ(wi—wk) = up = Nke—skﬂ(wk—gk)

uieskﬂwi = N, e5kBEk

If the semiconductor is at thermal equilibrium, we have

_ Ncefﬁ(fc*%f) Nvefﬁ(ﬂ/*gv)

B(Ec—Ev)

Ucuy

ucuy = NcN\/e—

(2.12)
(2.13)

(2.14)

(2.15)

(2.16)

(2.17)

(2.18)



and so the product ucuy is independent of the Fermi level w. We note that at w = w; (intrinsic

Case) we have UC intrinsic = UV, intrinsic = Wi, and so
ucuy = u; (2.23)
which is called the mass action law.

2.1.2.2 Doping

Suppose that the semiconductor has been shallowly doped with dopant concentrations N4 and
Np (acceptors and donors respectively). We assume that donor atoms are charge neutral when
filled (and positive when empty), and acceptor atoms are charge negative when filled (and neutral
when empty). Donors enter with an extra electron at zero temperature, and acceptors enter with
no extra electrons at zero temperature — the naming might seem counterintuitive, but “donors”
and “acceptors” are named after their behaviour as the temperature is increased from absolute zero
(at zero temperature, they haven’t donated or accepted anything yet). Let f4 and fp denote the
electron filling fractions of the acceptor and donor levels (i.e. given a dopant atom, what’s the

probability that it has an electron). Then

uy + Np = uc + faNa+ fpNp (2.24)
uy + (1 — fD)ND = uc + fANA (225)

Proof. One way to find Eq. is to note that (simply by electron conservation) we must have
that

Uy — (UC + faN4s + fDND) =C (2.26)

for some constant C'. Changing the temperature should not change the number of electrons in
the semiconductor, so C' should not change either. In order to find the value of the constant C,
we consider the carrier concentrations at T'= 0. At zero temperature the conduction and valence

band carrier concentrations go to zero, the acceptors are empty, and the donors are full. Therefore

uy —(uc +faNa+ fpNp) =C (2.27)
0 0 Np
— —Np=C (2.28)
= w —(uc+ faNa+ foNp) = —Np (2.29)



and so we recover Eq. [2.24] O

Rearranging Eq. we obtain
Uc —uy = (1 - fD)ND - fANA (230)

We can rewrite the left-hand side using Eq. as

ue — uy = ueP 0T gy efwiw) (2.31)

uc — uy = 2u; sinh f(w — w;) (2.32)

We now focus on the right-hand side of Eq. 2.30] In standard group§] IV, III/V, and II/VI

semiconductors, the equilibrium f4 and fp are Fermi factors

1

1+ %67,8(111781))
1

1+ i@*ﬁ(‘sA*w)

(2.33)

fD,electrons =

fA,holes - (234)

where the %1 and % factorsin fa, fp are due to degeneracyﬂ and where £4 and £p are the energy levels
of the acceptor and donor dopants respectively. In this case, electrons are two-fold degenerate due
to spin (two electrons with opposite spin can have the same energy level), and holes are four-fold
degenerate (spin, and light /heavy hole) [32, Eq. 19.31-19.32]. Substituting, we obtain that

1 1
1 + %@ﬁ(SD*w) )Np = 1+ ieﬁ(gA*w)
ND NA
1+ 2eBEp—w) 14 Ze*ﬁ(w*&x)

(1= fp)Np — faNs = (1 Ny (2.35)

(1= fp)Np — faNa =

(2.36)

We note that if w is far away from the dopant levels (a stronger version of the non-degenerate as-

sumption), then the exponential factors in the denominators are negligible, and combining Eq.

2columns of the Mendeleev table
3The degeneracy factors may be different for other semiconductors. Different degeneracy factors end up being
equivalent to just shifting £4 or £p slightly.



and [2.36] we have

. Np Ny
2u; sinh f(w — w;) = Ry e Rlp e ety (2.37)
N—— 4 N——_——
<1 <1
2u; sinh B(w — w;) = Np — Ny (2.38)
Np — N
w ~ w; + kT arcsinh D2—A (2.39)
U;

This isn’t an unreasonable assumption. Dopants—intentional ones at least—tend to be shallow,
i.e. Episclose to & and &4 is close to Ey. Intermediate band and unintentional /unwanted dopants
may be deep instead (deeper into the bandgap).

As long as the doping doesn’t exceed u; by too many orders of magnitudeﬁ, our revised non-
degenerate assumption still holds.

We can solve for uc and uy in terms of Np and N, using the mass-action law ucuy = u? from

Eq. P23

uc—uvaD—NA (240)
u2
UC——Z:ND—NA (241)
uc
ug. — [Np — Nalue — [4f]1 =0 (2.42)
1 1
Uc = 5 [ND — NA:| + 5 [(ND — NA)2 + 4UZ2:| 1z (243)
1 1
and uy = 2 [Na = Np] + 5 [(Np = Na)* + 4uf] 12 (2.44)

where we picked the positive roots
We note that if Np > w; and Np > N4 (but not sufficiently to break the non-degeneracy
condition), then uc &~ Np, and similarly for Ny > u; and Ns > Np, we have uy ~ Ny.

2.1.3 Potential energy

Suppose that now we have an additional potential U (%), such that each conduction band carrier
gains energy U(Z) in moving from & to oo (or some reference point), and each valence band carrier
loses energy U(Z) in doing the same. This locally modifies the density of states at position & by
shifting D'(E) = D(E + U), which shifts £, = €+ U and v’ = w + U.

If the entire semiconductor crystal is exposed to a spatially constant potential U, then we

should have the same resulting carrier densities uc and uy (and the same w;) as if the potential

41t can actually exceed by many orders of magnitude! Just not too many orders of magnitude.
5Negative roots correspond to negative carrier densities, which are unphysical.
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Figure 2.1: Silicon equilibrium carrier density in the conduction and valence bands as a function
of the net doping Np — N4. Note that silicon has u; ~ 10'° cm™3 at 7' = 300 K.

wasn’t there. As a result, from Eq. we must have that

ug = uc (2.45)
= el we—wi) (2.46)
= yeP(Wo=U)—wi) (2.47)
and
uy = uy (2.48)
_ uieﬁ(wi—wv) (2.49)
— q;ePwi=(wy =) (2.50)

We can expect the same equations to hold in a region where the potential is quasiconstant.
Now let’s take U to correspond to electric potential ¢. Then U = (—q)¢ (where ¢ is the elementary

charge) since U corresponds to the potential energy for a conduction band carrier (which has charge

11



—q), which results in

te = wyePwera—w) (2.51a)

uy = uieﬁ(wi—wv—mﬁ) (2.51b)

Using Eq. [2.20] this can also be written as

Ue = Nceﬁ(wc+Q¢—5C) (2.52a)
Uy = Nveﬁ(t‘fv—wv—Q@ (2.52b)
In general,
up = e wr—ae) (2.53)
or uy = NyetPEr—we—ad) (2.54)

Remark. Tt is useful to think about w; (or &) being modified by the addition of —g¢. After all, w;
is defined as being the electrochemical potential w such that uc = uy, a definition which (under
the replacement w, = w; — g¢) should remain unaffected by the addition of electric potential.
This modification also preserves the requirement of w of being an energy quantity that is spatially

constant at thermal equilibrium.

We note that the electrical potential ¢ itself is determined by uc and wy through Poisson’s
equation V - (eV¢) = —p, where ¢ is the permittivity. Then

Evp ="t (2.55)
q q
—zv% = uy —uc + Np — Ny (2.56)

2.2 pn junction

An isolated homogeneous slab of semiconductor on its own isn’t very useful (except maybe for
producing materials science papers). Varying the material properties spatially (usually by selec-
tive doping) is what allows us to make useful devices like diodes and transistors and computer
processors. Most of the interesting physics can be found in the simplest of these devices, the pn
junction (also known as the simplest possible diode design).

We have p-doped semiconductor from z,. < 0 to z; = 0, and n-doped semiconductor from
zy =0 to z,. > 0. At z,. and z,,. are located electrical contacts (whose exact behaviour we will

hold off from describing for the moment). The dopant concentrations are N4 and Np in each of

12



(a) | metal metal
contact contact
(b) surface | quasi- quasi- | surface

recomb. | neutral neutral | recomb.

depletion region

(c)

(d)

(e)

X

Xpd 0 Xnd Xnc

pc

Figure 2.2: Diagram detailing the setup of this problem using the depletion approximation. We
label (a) material type; (b) model used in each spatial region; (c) the electrostatic charge density,

(d) electric field (given by Eq. , and (e) electrostatic potential (Eq. [2.90).

the two regions respectively. This geometry can be seen in Figure 2.2]
For now we are assuming equilibrium conditions (no external potential applied across contacts).
As we imagine gluing together the two halves of a diode, we see that there will be an electron
flow from the n side to the p side since wygde < Wpside (the Fermi level for the p-side sticks close
to the VB band edge, and the n-side Fermi level sticks close to the CB band edge). This electron
flow will continue until the electric potential rises sufficiently on the n side to equalize the chemical
potential.

We now derive the electric field and potential of a pn diode in the depletion approximation.

13



2.2.1 Depletion region

Consider —x,. and z,. to be large and N4, Np > u;. The chemical potential must be the same

throughout the junction. The electrical potential must be a solution of

+Np x>z

—EVQ(b = uy(z) —uc(x) + P ! (2.57)
q —NA Xz S Ty

_EV2¢ = yePwiwa) _ . Blutag—w) | o @ 2@ (2.58)
q —Ns xz<uzy

+Np z>=x

—§V2¢ = 2u; sinhﬁ(wi —w — q¢($)) + b = (2.59)

q —Ny z<uzy

where we used Eq. [2.56] and [2.51al At thermal equilibrium we can shift our definition of potential
by a constant by letting ¢/ = ¢ — %(fw — w;), and obtain

+Np x>=x
— V2 — —2u, sinh Bqd’ + b= (2.60)
q —Ny xz<uy

Unfortunately, we are not aware of any analytic solution to this differential equation.

Assumption 1 (Depletion region approximation). On their own, the two semiconductor halves
would have Fermi levels wy < we. As a result, when the two halves of the junction are brought
together, electrons flow from the n-type side to the p-type side. This results in a build-up of negative
charge on the p-type side and positive charge on the n-type side.

The depletion region approximation states that in a region x € [Tpq, Tna), there are almost
no free carriers at all (and the dopant atoms are entirely ionized), and everywhere else (x €
[Zpes Tpa] U [Tnd, Tne] ) we have charge neutrality and E ~ 0. We logically define the depletion widths

always positive
Y

Wp =Tj— Tpd = —Tpd (261)
Wn = Tpd — T jJ = Tpd (262)
stnce xy = 0.

We motivate the validity of the full ionization assumption underlying the depletion approxima-
tion by comparing the resulting solution against a real solution of a Eq. [2.60, as well as by noting

that the carrier concentrations drop off exponentially inside the depletion region Figure 2.3
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Figure 2.3: Carrier concentrations near the depletion region (shown in red) for a silicon junction
with Np = Ny = 5 x 10® em™ at T = 300 K. The solid line is a true solution of Eq.
(evaluated numerically using Simudo) and the dashed line is the depletion approximation. Note
that the true solution wuy falls off exponentially fast with x inside the depletion region, and falls
to 10% of its p-type region equilibrium value u%?) ~ N, within 0.10 gm of the depletion region
edge x,4, and falls to 1% of N4 within 0.17 gm of x,4. For comparison, the width of the depletion
region W =~ 0.59 pm.
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At thermal equilibrium, w must be constant throughout the device. By invoking charge neu-

trality in the quasi-neutral regions, we have

=P (Wimw=adp) (2.63)
p-type

:uie—ﬁ(wi—w—q%) (2.64)

n-type

NAQUV

ND%'LLC

where ¢, and ¢,, are electrostatic potentials in the p-type and n-type quasi-neutral regions respec-
tivelyP] Then

NANp = u;ePW0=090)y, e~ PWi0=aén) (2.65)
NuNp = u?eP1én=9s) (2.66)
NAND

1 = ¢, = Wi, 2.67

which is called the built-in potential.

Invoking the depletion region approximation, we then have a charge density

(

0 [xpw xpd]
—Ny =z € [l’ ds ]
p(r) = q 4 g (2.68)
+Np € [0, 24
\O [xnda xnc]
We set potential ¢p(x = —o0) = 0 (i.e. it is zero on the p-type side). These conditions can be

visualized in Figure 2.2 To not have significant electric field outside the depletion region, it must

be that the depletion region is overall neutral. Then

0= /pdx (2.69)

0= (—q)NaW,, + gNpW, (2.70)
NAW, = NpW, (2.71)

6Since the regions are quasi-neutral, the electrostatic potential must be (quasi-)constant inside each region, so
¢p and ¢,, are (quasi-)well defined.
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We apply Gauss’ lawﬂ to get electric field within depletion region. Consider x € [z,4, 0]. Then

0

@ . . ——
/xpd plx)der=Q = /85E -ds = e(E(x) — E(xpa))
—  —qNu(z — 2p9) = eE(x)
— B ="M
Similarly, for x € [0, z,4] we obtain
B(w) =~ 00— 2

) 4N
E(zy) = qg AWp, and
; _gN

E(e)) = —=2W,

(2.72)

(2.73)

(2.74)

(2.75)

(2.76)

(2.77)

which are equal to each other because of Eq. [2.71l This equality confirms that the electric field is

continuous at the junction. To reiterate our results, we have used the depletion region approxima-

tion and obtained that

(

~0 Tpe, Tpd)

= q J (& —2pa)Na Tpds 7]
S

S
€|

(xng —x)Np  x € [T, T4
€|

L ~ 0 Tnd; xnc]

"Gauss’ law in 1D, also known as the fundamental theorem of calculus.
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We now find the electric potential. We have ¢(x < z,4) = 0. Now for z € [z,4, 2] we have

o) — P(xp) = — / " Boaz (2.79)
_ / _g(g )N de (2.80)
- gNA /w (€ — mpq) dE (2.81)
_q (g - xpd)Q ‘
=2 Ny {—2 L_%d (2.82)
= gNA%(x - l’pd)Q (283)

For x € [z, Tnq4), we have

o) = ofes) == [ Beaz (289
_ /: _g(g;nd N de (2.85)
=280 [ (€~ it (2.56)
- quf = 5
= Ips (<w>2 — (& = na)?) (2.88)
-1 ND% (w? V_Vn(x ~ 200 (2.89)

Combining these expressions, we obtain

6(r) — S(rpa) = LN a(x — 0 7 € [0, (2.90a)
() — d(zy) = g%ND W2~ (2 — 2ng)? 2 € [y, 2nd] (2.90D)
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Then the built-in electrical potential V;; across the depletion region is

Vii = ¢(@na) — ¢(Tpa) (2.91)

QL 2 g, 1 2

= ~Npy (Wn — (#nd — Tna)” ) + =Na5(0 — zpa) (2.92)
e 2 € 2 —

Wp

g P e T A ’
lq 2 2

= 5 (NaW + NpW)) (2.94)

Invoking overall charge neutrality of the depletion region Eq. 2.71, N4W, = NpW,, we can

solve for W,, and W, in terms of V4;. We have

Np
_ Yoy 2.95
Wp NAW ( )
1
Vi = §g(NAWj + NpW2) (2.96)
Lq N127 2 2
=-4(N, 2D N ) 2.97
e o
1(] ND 2
= -4(2e 1>N 9.
Vi =52 (5 + 1) NoW; (2.98)
2V
A (2.99)
Q(N—A + 1)ND
2V
and W, = Vise (2.100)
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We can solve for the width of the depletion region,

Wdepletion = Tnd — Lpd

=W, + W, (2.101)
2We N 2We N
= MECA bED (2.102)
q(Np + Na)Np q(Na+ Np)Na
2% ([N N
= it (,/ 1 D) (2.103)
q(Np + Na) Ny
2V N2 N2
_ Viie ( A_ 4 D > (2.104)
q(Np + Na) \\| NpNa NaNp
2Visi Ni+ N
= be At b (2.105)
q(Np + Na) VNpNy
2V
=\/ YN+ N (2.106)
q
Plugging in Eq. [2.67 we obtain
2V1€ _ _
Wdepletion = \/ qb (NAl + NDl) (2107)
2¢e _ _ NAND
= E(N + NpH In — (2.108)

2.2.2 Depletion region under non-equilibrium conditions

Now consider that a bias is applied across the device. We continue to model this situation using the
depletion approximation (the quasi-neutral regions remain quasi-neutral and the depletion region
remains fully depleted), so the only thing that can change is the depletion width. Moreover, we
continue to assert quasi-neutrality outside of the depletion region through the condition in Eq. [2.95

(for otherwise the quasi-neutral regions would no longer be so). Therefore becomes

AV = 6(11,) — 6(W) (2.109)
;Z(NAI/W + NpW?2) (2.110)
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and so the depletion width is

2AV
Wdepletion = Wn + Wp = \/ q g(Ngl + Ngl) (2111)
We peek ahead to Eq. [2.140] to retrieve
AV = Vii — Vext (2.112)

which really just gives us the sign of V. that will make most sense in the future. Another way
of justifying the minus sign in front of V. is that we expect to connect the positive lead of a
multimeter or battery to the p-type side of the diode (instead of the rightmost contact which is
on the n-type side), and that a positive Vi should correspond to forward bias (which decreases

the “diodeness” of the diode by lowering the potential barrier). Then

2 Vi - ‘/ex € _ _
Wdepletion = \/%(NAI + NDI) (2113)

Of course, this is invalid when V. > Vi;, i.e., when the external potential difference overcomes
the built-in potential V4;.

2.2.3 Drift-diffusion equations

Our ultimate goal is to use the depletion approximation to find the current flowing through the
device as well as all other physical quantities (e.g., ug, ¢). We require a model to treat electric
current.

The drift-diffusion model provides a set of equations that describe the movement of carriers
within the semiconductor bands|32, Eq. 19.67-19.68]. This model is a very popular approximation
based on the Boltzmann transport equation|33|. The Boltzmann transport equation is itself is an
approximation to the Vlasov equation — there are many semiconductor transport models, as seen

in Fig. 2.4l The model provides two equations for each band k,

drift diffusion
N — /S
Je = qururE — spgDpVuy drift-diffusion equation (2.114a)
0 J
% = —5,-V - Jp + G continuity equation (2.114b)
q

where jk is the electric current flowing inside band k, pu; is the carrier mobility, D, is the carrier

diffusivity, gsi is the electric charge of a carrier in band k (so s¢ = —1 and sy = +1), and gy is
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Figure 2.4: Diagram of the semiconductor transport models adapted from .

the net carrier generation (carriers received from other bands minus carriers lost to other bands —

see Section [5.2.2)).

For the conduction and valence bands in this section, we will use a simple relaxation model for

minority carriers, in which

gc

uc—ug))

TC

(0)

uy —uv

av

such that

8uo
ot

8UV

ot

%

minority

minority

T < Tpg

(minority carrier)

otherwise

iUZiUnd

(minority carrier)

otherwise
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apply in the regions where the carrier is the minority carrier (e.g., p-type region for CB carriers).
This simple relaxation model otherwise sets the generation to zero in the regions where the carrier

is the majority carrier, as well as in the depletion region.

fo = q,uoucE + chﬁuc (2.117a)
jV = quvuVE’ — qD\/ﬁUV (2117b)
7u(0> .
Remark 1. One would think that in Eq.[2.116/the minority —UCT—CC term in ag—f would also appear
e . . . .
in the majority ag—t‘/ as —CT—CC instead of being zero, since it takes two to recombine. In other

words, these equations do not seem to preserve total charge. However, we will only use Eq. [2.116]to
describe the flow of minority carriers (n carriers in p-type material in the stated example), where
changes in the minority carrier are negligible compared to the majority carrier concentration.
Accurate bimolecular recombination requires formulae that depend on both uc and uy. In some
very important limits (e.g., looking at minority carrier under low injection), it reduces to a simple

rate constant, as written above.

Lemma 1. We have the following (FEinstein) relations between mobility and diffusivity,

pe = Deby (2.118)
pv = Dy g (2.119)

for a non-degenerate semiconductor.

Proof. Suppose we have a uniformly doped semiconductor at equilibrium with an imposed electric
field E. Then jo = 0, and so

0= fo = q,ucuCE + chﬁuc (2.120)
0 = guope® 1920 B gD Vige ot ao=30 (2.121)
0 = pce® 9 E + D Vel ad) (2.122)
0 = jceP“9E + Do 5q Vb (2.123)

——

B

0 = ucE — DefqE (2.124)
P (2125)
Similarly, we obtain p, = Dy fSq. O

The rest of this section will be spent solving equations Eq.[2.117/and [2.116]at steady state within

the depletion approximation, with the additional assumptions that in the quasi-neutral regions,
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the electric field is small so the drift currents q,ukukE of the minority carriers are negligible. Their

transport is then purely diffusive, giving

- = 8'&0
Jo o= qucuckE —i—ch—ax , T < Tpq (2.126)
p-type = N——
~0
- = Ouy
Jv e = quyuy FE —qDVW, T > Tnd (2.127)

~0

There are called the minority carrier diffusion equations.

2.2.4 Law of the junction

The last missing piece of the puzzle is some way to relate the carrier concentrations on opposite
sides of the depletion region. That relationship is the law of the junction, and in the following
two sections we show two commonly used justifications for it. Chapter [3| shows a more formal

derivation of the law of the junction, indicating clearly the requirements for its application.

2.2.4.1 With majority carrier quasi-Fermi level extension into depletion region

If the junction is not at equilibrium (e.g., there is an applied potential across it), we can still
consider the quasi-neutral regions themselves to be (approximately) at thermal equilibrium far
away from the junction, and therefore define quasi-Fermi levels for them, called we and wy,. We
use the symbol wy, for the quasi-Fermi level rather than the traditional . in order to avoid confusion

with the mobility — using the same symbol for both would have made Eq. very confusing.

Assumption 2. We suppose that the quasi-Fermu levels for the majority carrier extend into the
depletion region. As supporting evidence, see Figure [2.5. For a more formal treatment of this

assumption, see 3. To be more specific, we recall

ue = uieﬁ(wc(w)ﬂﬂw)—wi) (2.128)
wy = uieﬁ(wi—wv(w)—qaﬁ(w)) (2.129)
and we assert that
we[xpd,l'nc)

= wy (Tpe) (2.131)

Wy \T
v ( ) TE(Tpe,Tnd]

This can be visualized in table [2.1.
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Figure 2.5: Quasi-Fermi levels wy (shown in red) for a silicon junction with Np = Ny = 5 x
10 em™ with an applied bias of V. = 0.5V, using a full drift-diffusion solver (Simudo). The
parameters are fully described in the caption of Figure[2.8] The majority carrier quasi-Fermi levels
extend throughout the depletion region and appear nearly flat.

Table 2.1: Summary of assumptions used in section [2.2.4.1]

| re | (perpd | [mpasxs] [ [2r,00a] | (Tna Tne] |
Regime || quasi-neutral \ depletion region \ quasi-neutral
Doping p-type N4 n-type Np
we TBD ‘ constant by assu. |§|
wy constant by assu. |§| TBD
o(z) constant Eq. [2.90 constant
E(x) ~ 0 Eq. [2.78 ~ 0




Since the quasi-neutral regions are quasi-neutral, we also have

¢(xnc> - ¢($)
P(wpe) = ¢()

we[xndvxnc)

2E(Tpe,Tpd]

Then

uC(xpd) _ uieﬁ(wc(xpd)Jrqqﬁ(Ipd)*wi)

— ui eﬁ(wc (wnc)‘i’qd)(xpd) 71111')

u; elg(wc (mnC)‘i‘q(i)(znc)*wi) eﬁQ(‘b(xpd)fd)(xnc))

J/

-
=uc (Inc):uc ("End)zND

~ NpePt(0(@m)—d(@nc)

= NpeiﬁqAV

and similarly

uy (Tna) = uieﬁ(wi*wv(fvnd)*q¢>(:vnd))

—AV
N

~

— ;P iy @pe) =) e (P(Tpe) — 4P(Tna))

N J/

TV
=uy (Tpa)=Na

~ NAG_ﬁqAV

Then at x = x4,

(Npe™2Y)(Na) = uc (@) uy ()

_ uieﬁ(wc(I)Jrqﬁb(x)*wi)uieﬁ(wi*wv(I)*W(CE))

_ u?eﬂ(wc(fv)*wv(ﬂﬁ))

SO

=qVext
N

NA_];]DefﬁqAV - eﬁ(wc(fﬁ) - wv(x)\)

Uz

1 . NuNp
AV = — log A2
Bq ® u?
—_———

Vbi

- ‘/ext
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From Eq. we obtain

NyN
e PIAY = exp { Bq(—l og D Vext) } (2.147)
Bq u
_ u22 BqVext (2 148)
= NANDe .

We combine this result with Eq. [2.138| to obtain

uc(2,q) =~ Npe P18V (2.149)
2
=N efaVest 2.150
PN N, ND (2.150)
_ Y v (2.151)
Ny

Similarly, from Eq. we obtain

2
wy () ~ ;\j,—"eﬁqvext (2.152)
D

These two results constitute the law of the junction.

2.2.4.2 With informally justified drift-diffusion

We now rederive the law of the junction without the assumption that wy is constant through the
the depletion region. Instead, we assume that the current ]’C is small in magnitude compared to the
drift and diffusion terms taken separately (see Figure . Using the Einstein relation uc = D¢ /g

(lemma [1]), we write

0~ j = (q MC UcE + QDCqu (2153)
Dcﬁq
d
0 = ¢DcPquck + ch—(;C (2.154)
duc
_ E = 2.155
Bquc e ( )
d
_BqEdz = %€ (2.156)
uc
u
Ba(¢ — ¢1) = In —— (2.157)
Uc
uc = ug, 19~ (2.158)
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where ¢ and uc; are the potential and CB carrier concentration at another arbitrary point z;. In
particular, the lack of net current between x and z; implies equal chemical potentials at the two

points, since

ue = ug, 149 (2.159)
2P We@Fahp0) — gy Bluc(en)+apt=p1) Batk—s1) (2.160)
we(w) = wo(a:) (2.161)

by recalling that (from Eq. [2.514)
ue = ugePwe@+as@)—w) (2.162)
wy = ;P (@—as(@) (2.163)

We consider the points z = z,4 and 1 = 2,4, and so using Eq. 8 we obtain
p pd nd> q

ue(Tpg) = UC<xnd)66q [d’(zpd)*Qﬁ(mnd)] (2.164)
= uc(zpq)e PRV (2.165)

We now approximate uc(z,q4) & Np (the majority carrier concentration is approximately the

dopant concentration), and so
uc(pq) = Npe P18V (2.166)

Then at the point z = z,q we have

~N 4
Npe PRV (N,) = 2.167
(Npe )(Na) = uc(@pa) uv (Tpa) (2.167)
= q,;eP(We@pa)tad(@pa)—wi)y oBlwizwy (Tpa) =4¢(wpa)) (2.168)
_ u?eﬁ(WC(mpd)*wv(%d)) (2.169)

We write wf, = we(2nq) and wy, = wy(z,q) for the majority carrier quasi-Fermi levels for
brevity. We then have

2
—Baav _ Ui pwg—wy) 2.170
e NANDe (2.170)
1. NsNp 1
AV = —In =22 4 (b — wi) (2.171)

Bq u? q
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Figure 2.6: The drift and diffusion components of the current density jc in a silicon pn junction
at an applied bias of Vo = 0.2V (full parameters described in Figure . The two components
oppose each other and very nearly cancel out in the depletion region and in part of the n-type quasi-
neutral region nearby (where ue is the majority carrier). In these regions, the total current |jo| is
1-6 orders of magnitude smaller than its individual components, justifying the starting assumption
in Eq. . Diffusive transport dominates the p-type region (where u¢ is the minority carrier).
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Then —q¢Vexw = wy — wg. Note that Ve is positive when p-type side has positive applied
potential compared to n-type side, which matches our expected sign convention where V. is

positive when a diode is in forward bias. Then

NaNp 1

1
AV = @ In u2 + 5(_(])‘/8)@ (2172)
1 . NaNp
_ 3 In — Vi (2.173)
Vb

Then the (minority) CB carrier concentration at the p-type edge of the depletion region is

uc(xpg) = Npe P18V (2.174)
1 . NuN
uc(xpa) = Npexp < — Bq {/B_Q In 22 D —Vext}) (2.175)
K2
Vi
NN
uC’(-Z'pd) = ND exXp |: —1In 1:[/2 D + ﬁquXt} (2176)
u?
uc(Tpq) = N—’eﬁqvext (2.177)
A
Similarly, we obtain
u?
Uy (Tpg) = N—’eﬁq‘/e"t (2.178)
D

which is the law of the junction, again.

2.2.5 Total current in a device at steady state

The total current in a device at steady state must be divergence-free (i.e. \Y -;’total = 0). Recall
the continuity equation Eq.

6uk

1
q

At steady state, % is zero. By charge conservation, we must have that the net sum of

generation processes must be zero, i.e.

> qskgr =0 (2.180)
k
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Then

1 = -
0=—5,=V - Jr+ g (2.181)
q
V- Jh = qsigk (2.182)
6';}0@1:6'2?1@:26’?k:ZQSkaZO (2-183)
k k k

If the current in a device only flows along one axis given by unit vector n (which is true of a

typical pn junction), then the total current is a constant since

ﬁ 'jtotal =0 (2‘184>
V - ogal = 0 (2.185)
it Vioal = 0 (2.186)

Vitotal = 0 (2.187)

2.2.6 Minority currents

We finally have all the parts we need. We now focus on finding the minority currents in the quasi-
neutral regions by assuming diffusive transport. Once found, we can also find the total current
without much work.

Note that we cannot re-use the jo or jy “found” using Eq. in the depletion region, because
we assumed them to be negligible in the depletion region in order to obtain the law of the junction
boundary conditions.|32, §19.4.4|

Given the boundary conditions provided by the law of the junction (Eq. and Eq. ,
we can solve for current. Under the assumption that drift is negligible in the quasi-neutral regions,
we solve for current using Eq. and Eq. We shall perform the derivation for the minority
carrier in the quasi-neutral n-type region z > x,4.

Even after solving for the minority currents, we still have no good model for the majority
currents. And we don’t need one, because we can find the total current flowing through the
device without ever calculating the majority currents. Since the pn junction is a 1d device and
we are assuming steady state, the total current j must be spatially constant (Eq. . This
is extremely useful: if we can find both the hole and electron currents at any point x, then we
will have succeeded in finding total current everywhere throughout the device. We shall focus on
finding both jo and jy at x,4.

We substitute
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ou lo - uy —u
0=%r 1y, wow (2.188)
10j —u)
- ng _ W TV“V (2.189)
10 = - uy — u%ﬁ))
= ————(quvuy E —qDyVuy) — (2.190)
q Ox Ty
~0
0*u w—u'?
— Dy ax; - TVV (2.191)
Then
62
Dyry a:;?V = uy — ul? (2.192)
L2

This has solution uy = Asinh % + B cosh % + ug)) where Ly = /Dy 1y is the diffusion length

for the holes (minority carrier in the n-type region), since

et +e " et —e’ "

O, coshx = 0, 5 = 5 = sinhx (2.193)
and 0, sinh x = coshx. We verify
Dyny L0 © 2.194
VIV T Uy T Uy (2.194)
DV:V 02 <A sinh Liv + B cosh Liv + ug)) = Asinh Liv + B cosh Liv +W—W (2.195)
LV
A B
%(— sinh — + — cosh i) — Asinh — + B cosh — (2.196)
}/%// Ly % Ly Ly Ly

which checks out.

We note that we could shift the solution (z +— = + z¢) by any amount without changing the

fact that it is a solution, since there is no explicit dependence on z in the differential equation
Eq. 2.192] This is precisely what we will do for future convenience, so that we can apply the
boundary conditions more directly; we shift this solution so that cosh x and sinh z receive a zero

argument at the depletion region boundary z,q; our solution then becomes

T — Tnd

uy = Ay sinh + By cosh % + “E?) T > Tna (2.197)

\%4 \%4
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where we added subscripts on A and B so we know which minority carrier we're referring to.
We now use the boundary conditions given by the law of the junction (Eq.[2.151]and Eq. [2.152)),

i.e., the values of uc(zpq) and uy (z,q). Then

T — Tnd T — Tnd (0)

uy (Tnq) = Ay sinh + By cosh 7 +uy, (2.198)
ov ov
I Y
= By +ul” (2.199)

which fixes By = uy(znq) — uﬁfo) while no condition is imposed on Ay (it will be fixed by the

conditions at the contacts).
A similar derivationﬂ follows for the n minority carrier in the quasineutral p region, resulting

in
(z — pa)

+ B¢ cosh —
c Le

e = Apsinh — & i)

+ul oz <y (2.200)

For convenience’s sake, we have swapped the signs of the argument of sinh x and cosh x to make
it positive; this is equivalent to multiplying Ac by —1 since sinhz is odd (the sign change does
nothing to the cosh x since it’s an even function). The main reason is that we expect the solution
to be qualitatively symmetric on either side of the pn junction, so the Az and Ay, and Bs and
By coefficients would have the same sign (and in fact be equal to each other in the case perfectly
symmetric case Lc = Ly and Nq = Np).

In a way similar to how we did it for the p minority carrier, we use the boundary condition
uc(xpa) to obtain Be = uc(Xpq) — u(co).

Now that we have the minority carrier concentrations, to get the resulting current we simply

plug Eq. back into Eq.

3V, = Qv E—aDyVuy (2.201)
~0
8uv
= —¢Dy—— 2.202
Dy (2.202)
a — 4n i
= —¢Dy— | Ay sinh S + By cosh L Tnd + ugﬁ)) (2.203)
or 1% LV
DV T — Tpd . X — Tnd
= —q— | Ay cosh + By sinh (2.204)
Ly 1% Ly

8Proof by analogy. Or more formally, mutatis mutandis.
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and, by analogy,

Jo v<aps qucucE +¢DeVue (2.205)
0
= q%% (2.206)
_ Dot | A sinh ZEZ ) | g oy T8 T0) 0 (2.207)
L¢c Lc
Do | (z— gy
Le | c c

All that’s missing is Ay, and it is determined by the boundary condition at the contact between

the n-type region and the (metallic) conductor. In general

d

gDy Y — S Ay (2.209)
dx
duv S
LA 2.21
dx DV i ( O)

at the contact, where S is the surface recombination velocity. For simplicity we (very optimistically)
set the surface recombination velocity S to zero for the minority carrier, which then implies that

%} =0, i.e., jy(zn.) = 0. This assumption gives the boundary condition we’ve been yearning

T=Tnc

for. (For a much more general treatment where S > 0, see |34}, section 4.4].) We then have

D nc - 4n . nc - 4n

0 = ji(@ne) = 2 | Ay cosh 22— 4 By ginp Tne —Tnd (2.211)

Ly Ly Ly
0= Ay cosh Zne —Tnd | By sinh 2ne —Ind (2.212)

Ly Ly
Ay = — By tanh 2ne_2nd (2.213)
Ly
In a similar manner, we take

D A — A —
0= je(wpe) = 4 2% | Ag cosh — = %rt) | g gy —(% = Toa) (2.214)

Le c Lc

and we obtain
—(Tpe — Tpa)
Ap = —Be tanh e~ Trd) (2.215)
Lc

for n carriers in the p-type quasineutral region.
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2.2.7 Total current

We now know the minority currents at the edges of the depletion region jo(z,q) and jy (z,4). To

relate the currents on either side of the depletion region, we require one extra assumption.
Assumption 3. There is no recombination in the depletion region.

This assumption immediately implies that

jo(pa) = jo(Tna) (2.216)
and so
Jv (Tna) + jC($pd> = Jjv(Tna) + jo(Tna) (2.217)
= j(Tnd) (2.218)
=j(z) Vz (2.219)

where we used the constancy of total current at steady-state in a 1d device (Eq. [2.187)).
We can now take Eq. and use it to evaluate the current Eq. [2.204] at © = x4,

) D Tnd — Tn . Tpd — T
Jv(Tng) = —qL—Z Ay cosh % + By sinh % (2.220)
—BVtanh% 1" VO —
D nc -~ 4n
—¢— B, tanh-ne_'nd (2.221)
LV N—— LV
0!
uV(x'nd) Uy,
D nc -~ 4n
= ¢~ (uv (na) — us))) tanh 2ne T (2.222)
LV LV

Similarly we take Eq.[2.215] and Eq. [2.208]

D — _ _ —
o) = —qL—C Ac cosh M +Bg sinh M (2.223)
C — N C C
Bc tanh Ichjpd T wor
~ ,P¢ B, tann Yo~ Te (2.224)
L¢c HE—/ L¢o '
uC(xpd)fu(c(‘))
DC (0) Tpe — Tpd
= —q¢— (uc(zpa) — uy’) tanh =272 (2.225)
Lc Lo
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Summing these up, we have

J = jv(Tnd) + jo(Tpa) (2.226)
D nc - 4n D c

=49 — (Uv(xnd) - pg/o)) tanh Tne — Tnd + =< (uc(:chd) — ug))) tanh Lpe — Tpd (2.227)
LV LV LC’ LC

We now note that u(co) = ;\‘[—i is the equilibrium minority carrier concentration. Using the law

of the junction Eq. [2.151] we obtain

2
UC(xpd) — ﬂeﬁq%xt — ug’))eﬂq%xt (2228)
Ny
and so
uc(Tpa) — u(cg) = u(co)(eﬁq%’“ - 1) (2.229)
u; (ePVer — 1) (2.230)
= — (e ext __ X
Ny
and similarly
0 u?
uy (Tpa) — uﬁ/) = L (efaVesr 1) (2.231)
Np

Therefore we can rewrite Eq. as

D nec — 4n D c
j=q —V(uv(xnd) - ug))) tanh Tne — Tnd | —C(uc(xpd) - u(cg)) fanh 72— T#d (2.232)
Ly Ly Lo Lo
D Tpe — T D Tpe — &
- 2 1% ne nd C pc pd BqVext
= qu’ tanh tanh ——— a -1 2.233
002 | o tanh T2 P B ) (2.233)

2.2.8 Shockley equation

Let’s assume that x,. — z,q > Ly and x,. — x,0 > L¢ (i.e., the contacts are far away from the
depletion region compared to the diffusion length L*)ﬂ Since tanhz ~ 1 for z > 1, and Eq. [2.233

becomes

D Tpe — X D Tpe — &
- 2 1% ne nd C pc pd BqVext
= qu’ tanh tanh ——— -1 2.234
J = 4% {LVND an Ly + LcoNy an L¢c (e ) ( )
D D
o2 14 c BaVext _ 1 2.235
a4 {LVND + LCNJ (e ) ( )

9Though that would make for a very bad solar cell!

36



which is called the Shockley equation [32, Eq. 19.78].

2.2.9 Under illumination

We turn on the lights. We introduce the effects of illumination by considering the case where all
generation is within the n-type region, and that it is spatially uniform. This modifies the minority
carrier continuity equation within the n-type region Eq. [2.116]

ouy - Uy —u
0= =—-V- v 2.23
It p Jv . +g ( 6)
(0)
1. _
0= Ly, =l +9rv) (2.237)

where ¢ is the uniform generation in the n-type region (and has units of concentration per unit

time).

) (0)

By performing the ug] — uy,” + g7y substitution, we can reuse almost all of our work from the

previous (dark current) section. We therefore obtain

J = jv(Tna) + jo(Tpa)

D nc - 4n D c
=q —V(uv(xnd) — u%?) — g7v) tanh Tne ~ Tnd | —C(uc(g’;pd) - U(cg)) tanh Fre — tpd (2.238)
LV LV LC LC
D Tpe — T D, Tpe — T D Tpe — T
. 2 \% nc nd C pc pd BqVext \%4 nc nd
= — (=g tanh fanh 22— Tpd 1)+ (—q) 2L g7y tanh Tne — Lnd
E q)u; |:LVND an I + Lo, b =7 J(e )+ (—q) 7, v tan L,
% jSC
(2.239)
= Jse — Jo(e”1" — 1) (2.240)
—_—

Jdark

which is the current generated by a solar cell under illumination.

A little explanation for the names — we’re at short circuit if and only if Vi, = 0, which implies

1

0
~ =
§ = je — jol(e? Vext ~1) (2.241)
—_—
Jdark
= e (2.242)

If there is no illumination js. = 0 (since g = 0), 50 j = jse — Jo(€??Vext — 1) = jg(ePTVexr — 1),
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2.2.10 Depletion region recombination

In many real devices, a large fraction of the generation or recombination occurs inside the de-
pletion region. We remove Assumption [3| (no recombination) and instead consider a nontrivial
recombination model in the depletion region. We perform this last refinement to the depletion

approximation model as a prelude to comparing it against a full drift-diffusion numerical model.

2.2.10.1 Shockley-Read-Hall recombination

A common type of nonradiative recombination is described by the Shockley-Read-Hall model.
Using [35, Eq. 4.4] as the starting point, the steady state recombination rate from conduction to

valence band through a trapf’| with energy level &; is

2
u;

KoKy (ucuy —uciuyy)

U — 2.243
SHi Keo(ue +ucy) + Kv(uy +uy;) ( )

— 2
= — totv = (2.244)

KV (UC—FU(;J)'}‘KC (uv+uv71)
—— ——
TV TC

= oty = u; (2.245)

v (uc + ucy) + 7o (uy + uy,)

where K} is the probability per unit time that a carrier from band k& will be captured if the trap
is available to it (i.e., the trap must be empty in order to accept an electron from the CB, and
it must be full in order to accept a hole from the VB). The quantity ug, represents the carrier

density if the quasi-Fermi level of the band were equal to the trap energy level |36, Eq. 5.18|
Upy = w;et P wi—E) (2.246)

where

+1 acceptor-like traps
£ =&+ kTlng, P P (2.247)
—1 donor-like traps

and & is the actual energy level of the trap and g, is its degeneracy.

0Usually a crystal defect or an undesirable impurity atom.

38



Remark 2. We note that in the limit uc > uc; and Tvue > 7o(uy + uy,1),

2
Ucuy — U;

U. = L 2.248

SRH v (uc + ucy) + To(uy + uy1) ( )

v —uifuc (2.249)

A%
In the high n-type doping limit we have ug =~ u(c?), and so we recover the simple relaxation

model for minority carriers (Eq. [2.115))

uy — u?/uc

Usri = (2.250)
TV
0
%M (2.251)
TV ’
uy — u(o)
_v Ty (2.252)
v

A similar argument can be made for the p-type doping limit.

2.2.10.2 Current

Given a recombination model (e.g., Eq. [2.245)) for the depletion region, we can use Eq. [2.114b| to

write

8uc 1o >
—_ = — -V 2.253
En sc p Jo+ 9gc ( )
1 U
0
1 -
U=-V-j, (2.254)

Assuming current flows exclusively along the x-axis (without loss of generality), the fundamen-

tal theorem of calculus [37] gives us

U= %ﬁ e (2.255)
19jc
_ 1%c 2.2
U= (2.256)
b
I .
[ v = lie® — cta) (2.257)
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In particular, we can now relate the current density on either side of the depletion region by
Tnd . .
q/ Udz = jo(vna) — jo(Tpa) (2.258)
ZTpd

which replaces Eq. We easily obtain the total current

J = jv(Tna) + jc(Tna) (2.259)

Tnd
= jv(@ng) + jo(Tpa) +q / Udz (2.260)

mpd

which allows us to amend Eq. [2.233

D Tpe — T D Tpe — T ¥nd
- 2 1% nc nd C pc pd BqVext
J = qu; [ tanh + tanh } (e -1+ q/ Udzr  (2.261)
Ly Np Ly LcNy Lo 2y

The evaluation of the [ U dx term is often done numerically, since

Ucuy — u?
/Ud:v :/ ; dz (2.262)
v (uc + ucy) + 7o (uy + uy,a)

B / TV(UZGB(wé+q¢(Z)7w7’) + U/C,l) + TC(uiefﬁ(wT/+Q¢(m)7wi) -+ Uv,l)

(eﬁ(w*c_wf/) — 1)u2
_ / * _ P _ da (2.264)
Tv(uieﬁ(wc'f‘q(b(x)_wt) + U‘C,l) —+ TC(Uie_ﬁ(wV+q¢(x)_w’) —+ uV,l)

dx (2.263)

probably doesn’t have a clean analytic solution when ¢(z) is a piecewise quadratic (Eq. [2.90)).

2.2.10.3 Qualitative behaviour of [ U dz term

For the case where the recombination in Eq. [2.261] is dominated by SRH processes, we can get
a qualitative sense of the [Udz term. We can (over)estimate Uggp(x) it by assuming it to be

equal to its value somewhere around the middle of the junction. We choose this to be the point

T, Where ¢ = A—QV. Then

U (T) = uieskﬁ[wi*Q¢(mm)*wk($mn (2.265)
avy2 =0k @(maj k)d)
—~
— uieskﬁ[wz‘—Q¢($(maj,k)d)—wk(x(maj,k)d)} eskﬁ[Q¢(l‘(maj,k)d)+wk(ﬂ?(maj,k)d)—q ¢<xm) - W (:Em> ] (2‘266)

majority
Ug

uznajorityeskﬂ[W(ﬂ?(maj,k)d)—qAV/2] (2.267)
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where ' (imaj,1)4 is the edge of the depletion region on the side where band £’s carriers are the majority

carrier (i.e., T(maj,c)d = Tnd AN T(maj,v)d = Tpq) and u?ajority = (% (maj,k)a) 1S the majority carrier
concentration.
Since
0 k=V
O(T(maj k)a) = (2.268)
AV k=C
we have
m (xm) _ uglajorityesw[qﬂw(maj,k)d)*qAV/Q] (2.269)
_ uznajoritye—ﬂqAV/Q (2270>
and so
U (T ) Uy (Ty) — uz2
USRH x = 2.271)
(Tm) v (uc(zm) + uca) + To(uy (Tm) + uy1) (
_ _ ug’lajorltyur‘;lajorltyefﬁqAV. _ UZQ (2 272)
TV(ulga”omye*ﬁqAV/2 +ucy) + TC(u]{f}aw“tyefﬁqAV/2 + uy )
Assuming that ul,fajoritye*qAV/ 2> uy, and using ugajority ~ Np and u?}ajority ~ N4, we have
umajorityumajorityefﬁqu . U2
Usri(2m) ~ __C v 1 2.273
SRH( m) Tv<urélajorlty6_5qAV/2) + TC(u;lajorltye_ﬁqAV/Q) ( )
I A s -
Tvugajorlty + TCUI‘I/laJonty
. NANDequAV/Q _ u?quAV/2 (2 275)
TvNp + 7¢Na '
Since
Vi
——
1 NaN
AV = —In =222 v, (2.276)
Bq Uu;
NaN
ePIAYV AQ De—ﬁquxt (2277)

u

pPasv/2 _ v NaNp o BaVext /2 (2.278)
U;
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Figure 2.7: Comparison of the peak |Usgy| in the depletion region of a silicon pn junction between
the depletion approximation, a full numerical drift-diffusion model (Simudo), and the qualitative
formulas Eq. 2.282] and 2.287] The parameters are described in Figure 2.8 The qualitative result
Eq. is valid at forward bias but exponentially wrong at reverse bias, while the qualitative
result Eq. [2.287] is valid only at reverse bias.

we get

NANDe—ﬁqAV/Q o u?quAV/Q

TvND+TcNA
U ﬂv:sx /2_ 2 NAND _6 ‘/ex /2
_ NaNpoigpe™™ " —uimee e
TvNp + 7 Na
ui/NANp(efVext/2 — g=BaVext/2)

= 2.281
TvND+TcNA ( )

2u,~\/NAND .
= sinh(B8qVe /2 2.282
TvNp + TcNa inh(fgVex:/2) ( )

Usru(7m) =~ (2.279)

(2.280)

As shown in Figure [2.7], this qualitative result is valid only at forward bias. This is because the
assumption that uj % e=eAV/2
result for Vi < O.

We note that

> w1 is violated at reverse bias. We need to derive a different
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majority ~majority —BqAV —BqAV
U uy, e ~ NyNpe (2.283)

2

U;
= NyNp——~—el1Vext 2.284
ANDNIND (2:284)

= ujelVex (2.285)

Adding the assumption that u"*"¥e=98V/2 & 4y 1 we can write

u?quVext

,majority majority —BqAQ_ 2

USRH<xm) = majority —BZJ/ACV/2 v ) majori:;:i —BqAV/2 (2286)
v (ug e +uca) + 1o (uy e +uyy)
N -— / A -
<uc,1 <Luy,1
u?

A J (efaVex _ 1) (2.287)

Tvuc,1 + ToUv,1

We can thus approximate Eq. [2.261] as

2uivNalNp Ginh(BgViii/2)  Vige > 0
j = jo(ePTVext — 1) 4 qW { TVNPFTEN (5qVexs/2) - Ve (2.288)
L (eﬁquxt —1) Vi <0

Tyuc,1+Tcuy,1

where jo = qu? LSJ‘(,D tanh fre—ad 4 LSJC\}A tanh w”cL_cx”d . Note that Eq. [2.288| vastly overestimates

the current produced in the depletion region by assuming that the generation/recombination is at
its maximum value throughout the entire depletion region.

In the limit B¢V /2 > 1, we can further write

2Ui\/ NAND (eﬁquxt/Q o 1)

s oBqVext
= 70le 1) + qW
J ]0< ) g TvND —|—TCNA

(2.289)
and note that this j(Vex) curve corresponds to two diodes placed in parallel with “ideality factors”
of 1 and 2 respectively. The ideality factor of a dark current term of the form e?e=t/" is n. Real
devices often have non-integer ideality factors between 1 and 2 [38], but larger ideality factors are
possible [39].
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2.2.11 Solution quality

The depletion region approximation is great for pedagogical purposes. This model provides a
precious shard of intuition on how semiconductor devices work qualitatively. However, it is very

limited:
1. We assumed perfect Ohmic contacts (S = 0). They’re usually not.
2. We assumed the optical generation to be spatially constant. It’s usually not.

3. The relaxation time approximation may not be accurate in high injection, and may require

Shockley-Read-Hall or Auger recombination.

4. We assumed the same semiconductor is on both sides of the junction, i.e., it is a homojunction.

Some devices use heterojunctions.

5. We assumed the material properties to be uniform. Doping might not be perfectly sharp at
the junction. Some materials are alloys, and their composition may vary spatially (inten-

tionally or not).

6. We assumed there are only two bands (conduction and valence), which excludes intermediate

band materials.

Some of these limitations can be overcome, to some extent, by refining the model. However,
developing a more advanced model usually requires additional assumptions, and the resulting
model (and its assumptions) often need to be validated against a higher source of truth, such as a
numerical solver.

Most of these limitations cannot be overcome analytically. To predict electrical or other mi-
croscopic properties for a larger class of materials/devices than considered in this derivation, we
require a numerical solver. One way of solving the drift-diffusion equations (Eq. and Pois-
son’s equation (Eq. numerically is the finite element method, to which we give an introduction
in Chapter [4] Finally, we introduce our device model called Simudo in Chapter [5

To close this chapter, we present a direct comparison between the depletion approximation
(including SRH recombination in the depletion region) and Simudo in Figures and Despite
significant differences in u; and E near the depletion region, the depletion approximation succeeds
in finding total currents within 2-10% of Simudo as shown in Figure Semianalytic models
like the depletion approximation can be a powerful way to quickly estimate device properties (such
as the jiora1(Vexs) curve or solar cell efficiency). A semianalytic model for intermediate band solar

cell efficiency was developed in [25] with the help of Simudo for validation.
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Figure 2.8: Comparison of wuy, ji, E for the depletion approximation (including SRH recombination

via Eqgs. [2.245| and [2.257)) versus a full numerical drift-diffusion model (Simudo). The depletion

region is shown in red. The device is a silicon pn junction with Np = Ny = 5 x 10® ecm ™

at

T = 300 K with minority carrier lifetimes 7 = 7 = 2 x 107!% s and SRH trap energy level
& = &y + 0.5525 eV. The depletion approximation solution underestimates the decline of the
majority carrier into the depletion region and ends up significantly underestimating the magnitude
of the generated current as a result.
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Figure 2.9: Comparison of wuy, ji, E for the depletion approximation (including SRH recombination

via Eqs. [2.245|and 2.257)) versus a full numerical drift-diffusion model (Simudo) at larger-magnitude

negative bias Vix. The conditions and parameters are the same as in Figure 2.8l The law of the
junction fails to determine the carrier densities inside and at the edges of the depletion region,
so the minority carrier densities and currents in the quasi-neutral regions are incorrect. None of
that ends up mattering because the vast bulk of the recombination happens in the middle of the
depletion region, which is why the “depletion approximation” currents still agree with Simudo.
Excluding the depletion region [ Usgy dz term leads to vastly underestimating the total current
at reverse bias as can be seen in Figure [2.10
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Figure 2.10: Comparison of jia for the depletion approximation (with and without SRH recom-
bination in the depletion region via Eq. versus Simudo. The conditions and parameters
are the same as in Figure At reverse bias, most of the current is generated in the depletion
region and so the no-SRH depletion approximation solution vastly underestimates the total cur-
rent. As V. increases more of the current is generated in the quasi-neutral regions rather than
in the (shrinking) depletion region, so the no-SRH depletion approximation solution becomes bet-
ter. The depletion approximation solution including SRH yields total currents that are not just
qualitatively correct but are only 2-10% away from the true (numerical drift-diffusion) solution.
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Chapter 3

A more formal look at the law of the

junction

Having powered through the depletion region approximation in sections [2.2.4.1] and [2.2.4.2| and

convinced themselves of its validity, the mathematically-inclined reader may have grimaced at our
rather informal justifications of the law of the junction. As a penance, we derive an exact solution
to the drift-diffusion equations within the depletion region (under the simplifying assumptions of
no recombination or generation within this region), and we find sufficient conditions for the validity
of the law of the junction. A discussion of similar issues is in [3]|, but ours is a bit more general
and hopefully more approachable to the curious but novice reader.

To simplify the notation, we shall focus on the valence band carrier and write p(z) = uy (x) for

the rest of this section. The differential equation we will solve is then

;V = q,quE —q D, ﬁp (3.1)
~—
v /Bq
Jv 1dp
S A i —— 3.2
o PE S, (3.2)

Since we are assuming the lack of generation or recombination in the depletion region, jy must

be constant (by the continuity equation).

3.1 Derivation of exact drift-diffusion in depletion region with-

out recombination or generation

Theorem 1. The solution p(x) to the boundary value problem
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W _ ople)B(a) — LB

v f ds (3:3)

where p(xnq) and p(x,q) are fived, E(x) is given by Eq. and jv, pv, q, B are constants is given
by

Pl + (et = P18 (pla) — Gy 2 (34
where
erf(z) = %/0 e dt, & = 5;—5% s
2 (" . 2e '
erfi(z) = 7 /0 e dt, & =\ gowy
and ¢ = gij—vv (3.6)

Proof. We have a differential equation of the form

Fa P(z)y = Q(z) (3.7)

We need to use integrating factor, defined as h(z) = e/” P(#) 4% 5o that Lh(z) = P(z) h(z), and
so that

%(hy) =(y o +hd—y) (3.8)
Ph
_ (yPh+nY 3.9
= wPh+h ) (39
_(Py+ %)h (3.10)
—_———
Q(x)
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We then obtain solution by integrating

i(hy) =Q

dx h
hy = /z Q(z) h(zx)dz
v=1 | @n@a

(3.11)

(3.12)

(3.13)

We identify P(z) = —pqE(z) and Q(x) = —Bi—‘;. Then [“P(z)dz = [*—pqE(z)dr =

Bqo(x), and so

p(:L‘) — _ ¢ Pad(2) (/ 5‘7_‘/@5@(“’) dx + ConSt.)
3%

_ —Bad(a) (C _ v [ ppaeta dx>
2%
for some constant c. We fix lower endpoint of the integral,

p(z) = e~ Bad(z) (c _ ﬁj_‘/ ePad(x) dx>
123% Tpd
and plug in = z,4, resulting in
0

—
M%066WW“Gﬁﬁiﬂ{¢W@E5
My J g

p<$pd> — ce—Pad(xpa)
which yields ¢ = p(1,4)e?4¢@rd). Plugging in & = x,,4, we obtain

jV Tnd
P(Tng) = p(:l:pd)eﬁq (¢(Ipd)—¢(:vnd)) _ 5_€—ﬁq¢(xnd) / eP19(@) q
ILLV Tpd

P

Using ¢(zpq) = 0 and ¢(x,q) = AV,

: Tnd
pland) = (pla) = 525 [ oo )
:LLV :Epd

20

(3.14)

(3.15)

(3.16)

(3.17)

(3.18)

(3.19)

(3.20)



We now focus our efforts on evaluating the integral. We recall from Eq. [2.90],

6(w) — Srpa) = LS Na(x — ) v € [0 2] (321a)
6(x) — d(zy) = g%ND W2 — (20 — 2)? v € 27, Tnd] (3.21b)

where W, = 2, — 2y and W), = x5 — 4.

We rewrite the second line in terms of ¢(z,q). For x € [z,4, 2],

P(z) — ¢(zpa) = (425(1:’) — () + (¢(x) — d(2pa)) (3:22)
= 02 N0 (g = 0)? — (wa = 2?] + Ntz - xpd)zl (3.23)
- g% _ND [W,f — (na — xﬂ + N2 (3.24)
We therefore have piccewise fur;ction
o) — dng) = 11 Nale =) " € b (3.25)

€2 Np |:WT% — (l'nd — ZL’)2] -+ NAsz x € [ZL’J, ZL’nd]

We must integrate over & € [xpq, Tpq). We split up the integral into two parts, € [z,4, x,] and

x € [x7,2nq)]. We obtain

T
/ P19 qy (3.26)
Tpd

/;BJ [ q2 1 ) ]

= exp |f—= {NA(x — Tpd) ] dz (3.27)
Zp €2

_ /IJ e((:rfzpd)/gp)Q dz (328)

ZTpd

where £, =

and &,

5qgf\, 9 = 5q§f\,D. Using erfi(z) = \% fom ¢** dz and the substitution u =
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(T — pa) /&,

" (e=mare) g,

T
T — Tpd

617 T=Tpd

Tj— Tpd
, erfi ——<

&p

Now we do the second part over = € [, T4l

/ " eP19(@) qp
zg

where we used erf(x) = \% s

from Eq. [2.110

Therefore

_ W2/£2+W2/52[f< ) e @}

o ¢’ 1 2 2 2
exp | AL [N [Wn (@ — ) ] + N2 | da
T J

[ﬁ%% [ — (Tt — x)2NDH da

e

2 Tnd
g~ 1 2 2
B 2(ND”H+NA”P) / exp

xJ

Tnd 2
WAIEAWR/E / o (@na—)/6)” 4
g

BqAV

qAV\/_ f—

&n

T

W6+ W, /6 =

/ " Bao@) g —

pd

e~ dz, the substitution u = (Tpa —

VT

§

T=x 7

pe (W2N +W2ND)

= ﬂqAV

(fp erfi ng + PRV ¢ erf
P

o2

W,

&n

x)/&,, and the equality

)

(3.29)
(3.30)

(3.31)

(3.32)

(3.33)

(3.34)

(3.35)

(3.36)

(3.37)

(3.38)

(3.39)
(3.40)

(3.41)



o
p(wna) = e 7127 (p(xpd) gl epe@ d:c> (3.42)

A
' W, W,
= efﬁqAVp(:r;pd) — j_vﬁ (fp e PIAY erfi —£ 1 ¢, erf —) (3.43)
pv 2 &p &n
or
Wn W,
P(Tna) + (& erf 5— = e PIaV <P<37pd> — (§perfi _p> (3.44)
n P
where ( = ‘4%—\‘/’ has units of carrier concentration per length, i.e. cm™. O]

3.2 Interpretation

Looking at the p side of the depletion region and translating the coordinate system such that

Tpq = 0 (instead of ; = 0 as usual), the drift current is then

Jv.diite = qpp (—ax) p(z) (3.45)

We now look for the point where the drift current takes its maximum value

djv,aritt
0= : 3.46
1 (3.46)
0= L pa) (3.47)
Tt '
dp
0= —_— 3.48
R (3.48)
From the differential equation, we obtain

dp Jv
4, = —Pagpr — 5= (3.49)

x 2%

and so
dp
0= — 3.50
Ptz (3.50)
Jv
O=p+=x ( — Bagpx — ﬁ—) (3.51)
[24%
0=(1-Bagz®)p— Bz V. (3.52)
2%
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At equilibrium jy, = 0, and

0= (1- Bag xQ)\p;/ (3.53)
>0

0= (1— Bagz?) (3.54)

Ti = | /% (3.55)

This defines the length scale on which the j;; ~ 0 approximation may not be good since the

electric field may not be strong enough compared to jy-. This length scale is precisely &,,,, up to

a factor of \/g )

3.3 Revised law of the junction

We now process this result into an actual modified statement of the law of the junction. At
equilibrium (dark), we most definitely have constant electrochemical potential throughout the

device, and so
(0) _ 0 BqVhi
uy (Tpa) = uy (Tpa)e (3.56)

because

ug)) (Zpa) B %eﬂ(}v{*%ﬂm(ﬂfpd))

= _ (3.57)
ugﬁ)) (Znd) %@5(%—%—q¢(mnd))

— Pe(6(xna)—ad(zpa)) (3.58)

= PV, (3.59)

We further assume that uy (z,q) ~ ugg) (pa) by quasi-neutrality. Then plugging Eq. |3.56 into
Eq. and using ( = ﬁi_‘;\/TE (Eq. , wy = Dy Bq (Eq. , and AV = Vi — Ve (Eq. [2.112)),
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uy (Tpa) + (€ exf % = aBY <UV<xpd> — (perfi %) (3.60)

n P

W, A W,

() + CEnerf 2 = e 1Y <U§9) (€na)e”™ — (&, erfi —p> (3.61)
n P

uy (Tpg) = ug)) (Lng)e’Voie=PIAY _ ¢ [e_ﬂqm/fp erfi % + &, erf %] (3.62)

D n
wy (@ng) = 2 (wpg) Vet — V7 (3.63)
Dyq

we obtain the modified statement of the law of the junction, where

A — g [e—ﬂqAVgp erfi % + &, erf %] (3.64)

We may compare Eq. against the usual statement of the law of the junction (Eq.[2.152)),
Wy (Tng) = ul) (2q) e’V (3.65)

At equilibrium, Eq. and Eq. agree with each other, but they deviate as j,» becomes
large. We could ask the question: how high can j; become before the A correction term in
uy (zn4) becomes too large? However, Eq. [3.63s uy (z,4) depends on ji- and ji- obviously depends
on uy (rpq). This circular dependency makes it difficult to estimate the magnitude of the correction
term. In the next section, we break this cycle and derive an error bound on jy that does not depend

on itself.

3.4 jy(Vik) curve and validity bound for law of the junction

To get an actual current (assuming uniform illumination and zero surface recombination velocity,

both of which are optimistic for solar cell efficiency and pessimistic for the correctness of the law
of the junction), we use Eq. [2.222

(0) — Tnd

. Inc
Jv(Tng) = qL—V (uv(xnd) — Uy, — Tgo) tanh —7 (3.66)
p p
DV 0) BqV jV Tne — Tnd
=q— n ext 1) — — Z—A) tanh ————= 3.67
7 (0 ) 41 = 1) = = ) tanh T (3.67)
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We solve for jy,

; A Tne — Tnd DV 0 " Tpe — Tnd

v (1 + I, tanh L—p) = qL_p (U§/)($nd)(€ﬁqvc" — 1) — 7gp) tanh S (3.68)
g2 () (a) (78 — 1) — 7o) tanh LopLas

A Tnc—Tnd
1+ I tanh T

= (3.69)

where we note that the numerator is exactly 7y, if using the law of the junction. Then

-using law of the junction
jexact over depletion region Jv (370)

1% - A Tnc—Tnd
1+ I tanh e

We note that tanh(z) € [0,1] if 2 > 0. We recall Eq. [3.64] and we also note that erfi 22 <

eWr/)* < PIAV and that erf(z) € [0, 1] if 2 > 0. Then ’
0<A< ﬁ% (3.71)
from which it follows that
jexoet over depletion region - jusing law of the function (3.72)

The relative error between the currents yielded by the exact drift-diffusion solution and by the

law of the junction is then bounded by

-using law of the junction

A Tne — Tnd
0 S je;/act over depletion region L= L_p tanh L—p (37?))
v
< gﬁp; n (3.74)
p

2
the law of the junction, but not by any means a tight bound.

Remark 3. The condition ‘/—E% < 1 given by [3.74] is a sufficient condition for the validity of

3.5 Estimating validity in typical devices

We can rewrite Eq. by substituting in &, &,.

/ﬁ( 1 ;)
&+é&n  \VBE\VNL T VNp (3.75)
LP B LP '
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For extra generality, we now find a bound in terms of Wyepletion that does not depend directly
on Ny or Np. We recall from Eq. [2.106| that

2Vi€ _ _
Wdepletion = \/ ; (NAl + NDI) (376)
/2_e<; n ;)
Sp +&n _ Ba> \ VN4 vNp (3 77)

Wdepletion \/méTblg(Nzl +N51)
_ [ 1 VNa+VNp (3.78)
BaVhi vVNa+ Np '
=1/ ! = + ! (3.79)
BaVei\\/1+ Na/Np /1+ Np/Na
=4/ L ! + ! (3.80)
BaVii\ V1+1/r V1i+r

~~

fi(r)

where r = N4 /Np.
The function f(r) attains its maximum /2 at » = 1 over the interval r € (0, 00) (see Lemma,

SO wWe can say

&+ &n 1
—_ = r 3.81
Waepletion BqVii Jilr) (3.81)
2
<\ 3.82
VBV (3.82)
We rewrite the bound as
.using law of the junction
Jv VT &p + &n
“c;'xact over depletion region -1 S T Lp (383)

o ﬁ Wdepletion gp + én
Lp Wdepletion

We etion 2
< YT Zdepletion (3.85)
Lp BQ%i

Typically Waepletion <K Ly, but we instead consider a pessimistic case in which L, = 10Wgepietion-

(3.84)

of$ v
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In typical devices B¢V 2= 30, so

j‘lising law of the junction 1< ﬁ Wepletion 2 (3.86)
j;e/xact over depletion region - 2 Lp ﬂ q Vbi '
\/_
< Y1710 3.87
< /100y (3.87)
=~ 0.023 (3.88)

which means that using the law of the junction yields at most a 2.3% error in the obtained current.
In a more typical case where Wiepletion < Ly, the error from using the law of the junction would

be much less than 1%, showing why it is so widely used.
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Chapter 4
Finite element method

The finite element method (FEM) is a computational method for solving systems of PDEs. We
introduce the basics of the method here and refer the reader to many deeper introductions [40,
41]. Well-posed systems of PDEs have a domain € and boundary T'. FEM divides Q into cells,
which are generally segments (1D), triangles (2D), or tetrahedra (3D). The solution to the PDEs
is approximated by superpositions of local basis functions, which are each nonzero in only a small
number of cells. The key difference between the FEM and finite difference methods is that FEM
essentially averages over the cells to get the best approximation over a region rather than at

individual points. We illustrate its key features by considering a solution of the Poisson equation.

4.1 Poisson equation

We wish to solve the equation
Viu = f, (4.1)

over a domain {2 with boundary I', where w is the function we want to find and f is a given function
of space. Throughout Chapter [l we will use u to denote a generic function that we wish to solve
for (rather than the carrier concentration).

We consider standard Dirichlet and Neumann boundary conditions (BCs), which specify the
value of u and its gradient Vu at the boundary, respectively. Suppose that the BCs we wish to

apply are

U‘FD = UBC (42&)

ry =9 (4.2b)

<

3>

u .
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where n is the I'y surface normal. The Dirichlet condition applies on I'p, and the Neumann
condition applies on I'y. I'p and I'y cannot overlap.

The core idea of FEM is to take a weighted average of Eq. [£.1] using a family of spatially highly
localized weight functions {;} called test functions. This manipulation results in an equation
called a weak form, imposing a weaker condition on the solution u than the strong form Eq. [4.1]
To make a weak form, we take the spatial average of Eq. [£.1 with each test function ¢; to give the

conditions
0= /(V2u) w; dv — /fgaZ dv (4.3)

where the integrals are taken over the domain 2.

For convenience, we introduce the notation fQ = [ dv, and write

0= / o (V2u) — / o f (4.4)

FEM secks a solution that satisfies the weak form and can be written as u = } . a;¢; for a
set of basis functions {t;}, such that v = upc on I'p. There are many choices of families of basis
functions {1;}, with various mathematical properties. An important property of basis functions
is that they are highly localized, i.e., take nonzero values inside only one cell or a small number of
adjacent cells. For this example, we will use continuous piecewise polynomials, named “Lagrange”
or “Continuous Galerkin” (CG) basis functions, as shown in Fig. [1.1] In most cases (including this
example), the family of test functions ¢; in Eq. is precisely the family of basis functions 1;
(without the ones that are nonzero on the I'p boundary).

We revisit the first term in Eq. . As Vu is discontinuous across cells, V2u is made meaningful

by integrating by parts, using
/5-%+/a(6.5):§£5a-n. (4.5)
Q Q r

Then with & = Vu and a = ©; in the first term, the condition becomes

O:yggoi(ﬁu-fz)—/gﬁgoi-ﬁu—/ggoif (4.6)

Noting that the boundary is made up of Neumann and Dirichlet parts and recalling Eq. [4.2D]
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the first term of Eq. [£.6 becomes

é¢i<ﬁu~ﬁ>=4N¢iM+/rD%&u-ﬂ> (4.7)

g

- /FN vig, (4.8)

where we eliminated the Dirichlet boundary term by ensuring that the test functions ¢; are zero

on the I'p boundary. This process yields our final weak form,

0=/ %g—/ﬁ%ﬁu—/%ﬁ (4.9)
Ty Q Q

As the Neumann boundary condition g enters “naturally” through the weak form, it is called a
natural boundary condition. On the other hand, the Dirichlet boundary condition must be imposed

upon the solution space of u directly, and it is called an essential boundary condition.

Remark 4. Dirichlet/Neumann BCs aren’t always matched up in this way with essential /natural
BC application. For the mixed method in Section [5.3.2] the opposite occurs: the Dirichlet BC

enters as a natural BC, and the Neumann BC enters as an essential BC.

Plugging ¢; — v; and u — Zj a;1; into Eq. |4.9] we obtain
0= ) Ui — /Qﬁ% : 6(;%'%) - /Q%'f
O—;ajl/ﬂv%"v%]—{ FN%Q—F/Q%f] (4.10)

N /

M;; b;

which forms a spars linear system for the a;’s, which could be written as Ma = b. In the FEM
literature, M is often called the “stiffness matrix”, and b is called the “mass vector”. Both M and b
are evaluated numerically, and the resulting linear system is solved for @. The essential (Dirichlet)
boundary condition Eq. is applied by manually forcing the appropriate a;’s to satisfy the
boundary values ugc, and removing the corresponding columns j from the matrix, as well as the
corresponding rows from M, d, and b. Note that the rows removed from the b vector are precisely

those corresponding to test functions that would have been nonzero on the I'p boundary, which
ensures the condition used in Eq. [4.7]

Remark 5. Families of basis functions {v,} are typically “nodal”. That is, each basis function v,

is associated to a point in space p; called a node, such that ;(py) = d;,. This representation

ISince the basis functions {1;} and {¢;} and their derivatives are highly localized.
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simplifies the application of essential boundary conditions — if the boundary condition dictates
that u oo = Chs then the coefficient a;, is equal to ¢, and imposes no further restrictions on other

coefficients a;.

position

Figure 4.1: Examples of 1-dimensional basis functions, focusing on those that are nonzero in
the central cell. Faint lines show basis functions in nearby cells. (a) Continuous Galerkin basis
functions of order 1 (CG1), i.e., piecewise linear functions. Note that each basis function is nonzero
in two cells. (b) Discontinuous Galerkin basis functions of order 1 (DG1), i.e., piecewise linear
functions with no continuity requirement at cell boundaries. Note that each basis function is
nonzero only in one cell. (¢) Example of reproducing a function as a sum of CG1 basis functions.

4.2 Nonlinear Poisson equation

In the previous section we considered the linear problem V?u = f, which reduced to a set of linear

equations for the a;. If the RHS were to depend nonlinearly on u, the resulting set of equations
q j p y
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would also be nonlinear. Consider the modified equation
Viu = (1+u?)f, (4.11)

and assume the same boundary conditions. Following the procedure as for the standard Poisson

equation yields the weak form

0:/ soig—/ﬁpiﬁu—/goi(uﬁ)f. (4.12)

Plugging u = >, a;1; into Eq. 4.12 yields — Jo s (Z] ajwj> (Z] aj¢j>f for the last term,
which is nonlinear as it contains a product of a;’s.

There are multiple methods to linearize Eq.[4.12] We sketch the Newton iterative method used
in Simudo. The idea is to first replace u by u_ + du in the weak form Eq. [£.12] where u_ is the

previous solution and du is the new dynamical variable being solved for. Then, we pretend that

du is infinitesimal and drop all higher order terms such as (du)?, yielding a linear system in du.

Applying this procedure to the weak form above, we obtain
O:/ goig—/ﬁgoi-ﬁ(u_—l—(?u)—/cpi(1+(u_+5u)2)f
Ty Q Q
%/ goig—/ﬁgoi-ﬁu_—/ﬁgoi-ﬁ(&t)
Ty Q Q
- [ ety - [ ersu s (4.13)
Q Q

which we solve for du the standard way. We then update u_ < u_ -+ du and iterate to convergence.
Note that inside Simudo, the linearized form Eq. is derived automatically using FEniCS

symbolic tools.
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Chapter 5

Device model paper

5.1 Introduction

As noted in the Statement of original contributions, this chapter contains a reproduction of our
published paper describing the device model(1, with minor adjustments.

Device models are essential components of the development of semiconductor devices, from
transistors to solar cells to lasers. Standard semiconductor device models, such as Synopsys Sen-
taurus, treat materials with 0, 1, or 2 bands (i.e., dielectrics, metals, and semiconductors, respec-
tively) along with an electrostatic potential. At a given location in a given material, each band
has its own carrier concentration, with particle motion given by diffusion and electric-field-induced
drift. Since the electric field itself depends on particle motion, the resulting Poisson /drift-diffusion
(PDD) equations are nonlinear and require numerical solution in the general case [42, |43| 26, 44]
45].

A new class of materials, called intermediate band (IB) materials, has been developed over
the last 20 years with the goal of improving solar cell efficiency and producing effective infrared
photodetectors |9, 17, 46, 47, 48|. These IB materials are like semiconductors except they have
an extra band of allowed electronic energy levels above the valence band (VB) and below the
conduction band (CB), as shown in Fig. . Such a band structure permits optical absorption
from VB to IB and from IB to CB, which is the key to the increased solar cell efficiency [9]. It is
also possible to consider multiple IBs, though such materials have not yet been realized in practice
[49].

Where IB devices have been made, they have not generally been highly efficient, which is
believed to be largely due to fast nonradiative recombination processes |17, |50} 12, 11, |46, |47}, 48,
24]. It has not been possible, however, to perform standard device modeling to optimize these
devices, to determine the ideal layer thicknesses, doping levels, etc., since standard semiconductor

device models do not allow the possibility of treating a third band. Therefore, we do not know what
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Figure 5.1: Band diagram of illuminated 1D intermediate band device at short circuit. Device
structure of p-IB-n device shown at top, and the IB material has an extra band contained entirely

inside the semiconductor band gap. Solid lines show the band edge energies £-, & and the IB
energy &;. Dashed lines show the quasi-Fermi levels we, wy, and w;. Parameters as in Sec. [5.4.3]

efficiencies existing IB materials could permit, if they were optimized. Interpreting experiments
on IB materials and designing the best devices require device modeling capabilities.

In order to describe the basic physics of IB devices, one must be able to describe

1. Optical processes between CB, VB, and IB, with rates dependent on IB filling fraction f,
2. Nonradiative processes between CB, VB, and IB, with rates dependent on f,

3. Carrier transport within the 1B,

4. Junctions with standard semiconductors.

There is a large array of standard numerical semiconductor device models based on the coupled
Poisson and carrier-continuity equations, including general purpose ones, such as Synopsys Sentau-
rus and Silvaco, as well as more specialized models such as Crosslight, which includes modelling of
quantum well physics and a coupled treatment of carrier-density dependent optics for lasers, and

TiberCAD [51]. Nextnano+-+ also includes features specific to quantum structures and can solve

65



Table 5.1: Comparison of selected device models

IB optics with 1B nonradiative IB Junctions 2D
photofilling processes transport

Sentaurus N Y limited Y Y
PC1D [53] N Y N Y N
SCAPS [56] Y Y N Y N
TiberCAD [51] N Y Y Y Y
Marti [58] N N Y N N
Strandberg [27] Y N Y N N
Tobias [59], Yoshida [60] Y N Y Y N
Simudo Y Y Y Y Y

an 8-band k.p model self-consistently with the Poisson and drift-diffusion calculations [52]. There
are also more focused ones, such as PC1D [53} 54], AFORS-HET[55], SCAPS [56], and Solcore [57],
which are 1D models focused on solar cells. Many of these models allow treatment of deep-lying
states inside the semiconductor band gap, primarily as Shockley-Read-Hall (SRH) trapping and
recombination centers [35]. Sentaurus and PC1D, for example, do not permit optical generation
from the deep-lying states. SCAPS does permit both thermal and optical processes, but does not
consider transport of carriers inside the defect band. We do not attempt a full characterization of
all the available device models, but Table [5.1| shows which of these requirements are met by these
device models.

There have been a number of device models developed specifically for IB materials, mostly
for solar cells, all in steady state. These include traditional |9, 61, 62, 63]and Boltzmann-
approximation |64} 65| detailed balance models, semianalytic models in the drift [66] and diffusion
[58, 167, 68] limits, and PDD models |69, 27, 59, 60|. The semianalytic models are specific to either
the drift or diffusive limits, while the PDD models allow treatment of IB regions that are neither
fully depleted nor fully quasi-neutral. A comparison of the features of the PDD models is also
included in Table 5.1} To our knowledge, none has been released as open-source software.

Here we introduce Simudo, a free and open source steady state PDD solver with self-consistent
optics for arbitrary numbers of bands. Simudo uses the finite element method (FEM) to solve the
coupled Poisson, drift-diffusion, and Beer-Lambert optical propagation equations self-consistently,
when necessary including changing f according to local generation and recombination, with as-
sociated changes in the optical absorption coefficient. Simudo has built-in radiative recombina-
tion, Shockley-Read trapping, and SRH recombination models in the non-degenerate limit and is
straightforward to extend to include other models of generation or recombination. All of the band

parameters, from energies to mobilities to cross sections, can vary in space or as functions of other
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parameters.

Simudo has a number of innovations in its formulation of the problem, described below,
and allows high-accuracy simulation of benchmark semiconductor problems while working with
64-bit arithmetic, making it useful both for standard semiconductor simulations as well as for
IB devices. It is written in the Python programming language, using the FEniCS platform
to solve the FEM problem [29]. It exposes an easy-to-use API for defining problems and ex-
tracting results. It is designed for two-dimensional systems and is available for download at
https:/ /github.com /simudo/simudo.

Semiconductor device modeling is typically performed using the finite volume method (FVM),
which ensures local charge conservation at each cell in the domain |70]. Finite element methods
are less common in semiconductor device models, though there are a number of examples |71,
51}, 72, [73]. FEM is widely used for related advection-diffusion problems in computational fluid
dynamics (CFD) studies [74]. Commercial packages for CFD, as for semiconductor device model-
ing, are generally based on the FVM method. TiberCAD, a commercial device modeling package
with many novel features, uses FEM with continuous basis functions|[51]. Finite element methods
including discontinuous local basis functions, called discontinuous Galerkin (DG) methods, also
permit local charge conservation |74], and they have recently begun to be applied to semiconductor
device problems |75, 76]. FEM methods simplify consideration of complicated simulation domains
and in theory allow higher-order convergence of solutions, but performance of such methods can
only be determined with testing. We use such a DG-FEM method here to produce a general pur-
pose steady state PDD solver capable of treating IB systems, and we show that Simudo realizes
the higher-order convergence with mesh size, converging much more rapidly than Synopsys Sen-
taurus as the mesh spacing is reduced. As shown in Sec. [5.3.5] for a reference pn-diode, Simudo
demonstrates quartic self-convergence with mesh density while FVM-based Synopsys Sentaurus
demonstrates only quadratic convergence. In the reference problem, Simudo achieves 5-6 digits of
convergence with 193 mesh points while Sentaurus requires more than 3000. Simudo provides both
a flexible framework for the study of IB devices and also a freely available example of a DG-FEM
semiconductor device model.

In Section [5.2] we define the coupled partial differential equations (PDEs) Simudo solves.
Section describes the heart of Simudo, giving in detail the conversion of the equations of
Section to the weak forms solved using FEM. This section describes the choices for dynamical
variables, the weak forms used for FEM, and how these choices enable Simudo to achieve accuracy
despite the problems of finite precision arithmetic. This section concludes with a comparison
to Synopsys Sentaurus on a benchmark pn-diode, showing the high quality of Simudo’s results.
Section gives examples of setting up a simple problem using the API, including examples of
its convenient topology definitions and Section demonstrates the extensibility of Simudo to
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include new physical processes (in this case, Auger recombination). Section demonstrates the
use of Simudo to analyze a system originally studied in 58|, showing that its model works better
than had been anticipated in the case with equal subgap optical absorption cross sections, but
that unequal subgap absorption cross sections produce more complicated phenomena that require

IB transport to describe properly.

5.2 Statement of problem

In this section, we describe the mathematical model of the steady state PDD and optical problems
we use in Simudo. Carriers both drift in response to electric fields and diffuse. Carriers are
generated optically and recombine using a variety of models. The local carrier concentration
determines both the electric field and the optical absorption coefficients, so the transport, Poisson,

and optical propagation equations are all coupled. Symbols used in this manuscript are summarized
in Table 2

5.2.1 Carrier transport and generation

We consider a CB, a VB, and some number of IBs under the assumption that the carrier population
in each band is in local quasi-equilibrium with a temperature 1" and quasi-Fermi level w;, where
k can be one of {C,V, I} for the CB, VB, and IB, respectively. In the case of multiple IBs, k can
take values Iy, I5, . . ., indexing the various IBs, but we simplify the following discussion to consider
the case of just one IB, indexed as I.

In the most common approximation of semiconductor device modeling, the carrier dynamics in
each band can be described by the drift-diffusion equation and the continuity equation. Letting uy
represent the carrier concentration in band k, uy and uc are the hole and electron concentrations,
respectively, which we use interchangeably with their standard symbols, p and n. We let s, = £1
give the charge of the carriers in band k, 4+1 for the VB and -1 for the CB. Then

drift diffusion
L, s
Tk = apururpE — spqDpVuy, (5.1a)
- = —S%—V-] , 5.1b
ot Skq Jk T Gk (5.1b)

where jk is the current density of carriers in band k, pu; is the carrier mobility, Dy is the carrier
diffusion constant, E is the electric field, ¢ is the elementary charge, and gy contains all the
generation, trapping, and recombination processes (see Section [5.2.2]). As stated in Eq. [2.54} for
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non-degenerate bands in which wy, is sufficiently far from the band edge &, — q¢, we can write
Uk — Nke—sk(wk+q¢—5k)/kBT7 (52)

where N is the effective density of states of band k, ¢ is the electrostatic potential, and kg is
Boltzmann’s constant.

Then, assuming & is spatially constant,

- 1 =
YV, = _Skae_Sk(wk+q¢_gk)/kBT_V(wk + q¢) (5.3)
kgT
U —

For such nondegenerate bands, the Einstein relation gives py, = ¢Dy/kgT, from which Eq.
gives [43]

T = Hitx Vg, (5.5)

which we use instead of Eq. p.1al Equation [5.5] also applies to the case of degenerate bands,
as shown in [77|, even though the Einstein relation requires a modification. Moreover, Eq.
applies in the case of spatially-varying band structure (e.g., spatially-varying N., Ec)|78], so it is
considerably more general than this derivation.

Since an intermediate band is often partially filled, we cannot model it using the non-degenerate
approximation of Eq. .2l We write D;(E) for the density of states of the IB, such that N; =
[ dE D;(E) is the total density of IB states. If the IB has quasi-Fermi level w;, the electron

concentration is

_ Di(E)
w= [ 0B T (56)

If the bandwidth of the IB is narrow relative to kg7, we can approximate the IB density of
states as a Dirac delta Dj(E) = N;j6(E — &;), and so

1
elr—wr—q9)/kpT 4 1’

r

U[:N[

(5.7)

where f7 is the filling fraction of the IB, and can be written as f; = f(£; — w; — q¢) where f(F) is
the Fermi function. We work in this limit for the remainder of this manuscript. Extending beyond

this sharp-IB case is not difficult but requires more cumbersome notation.
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5.2.2 Carrier generation and recombination

Each band’s continuity equation (Eq. [5.1b]) has a generation term gi. This term is the sum of
contributions from all generation and recombination processes to the band, which depend on which

physical models are included in the simulations. We now specify the details of optical generation

op
g

contribution to g, as required for the process.

and a variety of recombination processes 7y, each of which enters either as a negative or positive

5.2.2.1 Optical carrier generation

Modeling optical carrier generation requires modeling the changing light intensity through the

device. We use a simple Beer-Lambert model for optical propagation and absorption
6@)\73 -5 = —CY)\(I))\7§ (58)

where @, ; is the photon spectral flux at vacuum wavelength A\ and direction of propagation s and

ay is the total absorption coefficient, which can be written as
oy = Z Qi X,
i?f

where ay; » is the absorption coefficient for the optical process at wavelength A that moves a
carrier from band 7 to band f. In the usual semiconductor case, ayc = 0 and acy,y is finite for
A corresponding to energies larger than the band gap. Free-carrier absorption is included in a;; ».

The carrier generation rate in band k due to optical processes is then

gzpt = —sk/d)\ <Z Qi \ — Z Oéfk,,\) D) 5. (5.9)
i f

Further details of the optical propagation model are described in Section [5.2.3]

In nondegenerate bands, there are always enough carriers to excite in or out of a band. That
is, the valence band always has electrons available, and the conduction band has empty states
available to be filled, so the absorption coefficient acy ) is insensitive to the free carrier density
in the bands. In an IB, however, the VB—IB process requires empty states in the IB while the

IB—CB process requires filled states in the IB. To capture this phenomenon, we write

acra = Ug}t,,\uf (5.10)
arvy = oy (Nr —up) (5.11)

where 0??& is the optical capture cross section from band ¢ to f at wavelength A of a single
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intermediate state. We can combine these equations into a single expression,
___opt
QRIN = Opp \ULs), (5.12)

where uy _ is just uy and ur+ = Nr—uy is the number of holes in band I, and «y; is understood to be
ary when k = V. Since ay; » depends on the carrier concentrations, and the carrier concentrations
depend on ay; , (through the generation rate gzpt), the transport and the optical models feed into

each other, so they must be solved in a self-consistent manner.

5.2.2.2 Recombination and trapping

Simudo offers several built-in radiative and nonradiative recombination and trapping mechanisms
using the non-degenerate limit for the CB and VB, each including an equivalent thermal generation.
An example is the SRH recombination model with a single trap level at energy &; |35], in which two
trapping processes (of an electron and a hole) produce a recombination event, with recombination
rate

pn —n;

SRH
r = , 5.13
(e AL CE= (5-13)

where 7,, 7, are the carrier lifetimes and p;,n; are the carrier concentrations of holes and elec-
trons, respectively, if their quasi-Fermi levels were equal to &. This rS*H appears as a negative
contribution to g for both CB and VB.

We can model traps as intermediate bands with w; tracked explicitly, in which case we imple-

ment standard Shockley-Read trapping [35],

SR __

T = [1 _ esk(wk_’UJI)/kBT] fI,—skUk/Tk;, (5'14>

where f; _,, is the IB filling fraction of carriers with charge —si, and 75 is the Shockley-Read
lifetime for band k, as in Eq. [35]. Note that r& makes a negative contribution to gc and a
positive contribution to g7, while 73 makes a negative contribution to both gy and g;.

Simudo also implements radiative trapping from band k = C,V to I. When we use Boltzmann
statistics rather than Bose statistics for the emitted photons, which is valid when |wy, —w;| remains

at least a few kgT below | — &/|, as in Ref. |27], then the radiative trapping can be written

T?llcd _ [6—Sk(wk—'w[)/kBT _ 1] UI,skIIIm (515)
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where

8””3 > opt 2 _—E/kgT
I]k = W . OrL (E) Ece dE, (516)
where n, is the index of refraction, and uy ; is either n; or p; for k = C, V, respectively. Note that
Ref. [27] includes only the recombination term, and we add the corresponding thermal generation
term, which is the —1 in Eq.[5.15] We can re-express Eq. in a similar form to the nonradiative

terms by using the relation

ulv_skuk esk(wk—wl)/kBT

u[,sk - u]c71 9
which follows from Egs. [5.2] 5.7 Then
it = [1 - et /heT] Zeal g, (5.17)

Uk,1

As with Eq.[5.2] Egs.[5.1415.16] are valid in the non-degenerate limit where wy, does not approach
&, but full degenerate statistics are used for the IB. Extensions to the degenerate limit can be added,
if desired. Simudo also treats standard radiative recombination between conduction and valence
bands [79].
We also treat surface recombination at external surfaces I' of the device, which imposes a
boundary condition
Tp - e = Sk(ux — wro) |1, (5.18)
where S}, is the surface recombination velocity of carriers in band k at boundary I'; 7 is the normal
to I', and wy is the carrier concentration at equilibrium [80]. The current release of Simudo

supports only S, = 0 or oo, which impose J, - nlr = 0 or (ug — uko)|r = 0, respectively.

5.2.3 Optical equations

For each wavelength, we need to solve the optical propagation according to Eq. 5.8 For stability
of the numerical solution, it is convenient to use a second-order equation so that we can apply
boundary conditions on both the inlet and outlet boundaries [81]. We take the derivative of Eq.

with respect to the direction of propagation,

5-V(5-Vdy3) +5-V(aadyz) =0, (5.19)

72



With no reflection from the back, the boundary conditions are then

D=9, Tel; (inlet) (5.20a)
§-Vbys+aydy; =0 Zel, (outlet) (5.20b)

where ®f ; is a spectral photon flux at the inlet boundary.
In the case where «, is constant for A in an interval [A;, \o], the optical flux at all wavelengths
in that range obeys Eq. and can thus be treated together. We can write

A2
iy ao)s = / Dy 5dA, (5.21)

A1

where @y, »,); is a photon flux (where @, ; is a spectral photon flux). In this case, we have
5 - 6(3 : ﬁq)[h’,\ﬂ’g) + S - 6(&)\(13[&7)\2]’;) =0. (522)

Simudo uses this form, which allows simple treatment of piecewise constant absorption coefficients
with a small number of optical fields @y, y,s. When optical fields with only one propagation

direction s are considered, we write the spectral flux density ®, and the flux density ®y, ..

5.2.4 Poisson’s equation

In electrostatics, Poisson’s equation relates ¢, the charge density p, and the permittivity ¢,

V- (eV¢) = —p. (5.23)

It can also be split into two equations
Vo =—FE, (5.24a)
V- (¢E) = p, (5.24b)

where E is the electric field.
The charge density p is the sum of the static charge and the mobile charge in each band. In

an IB material,

p=ql=n+p—Ni(fr = fro) + Np — N4, (5.25)

where N4, Np are the shallow acceptor and donor doping concentrations, respectively, the mobile
charge in the IB is ¢N;(f;— f10), with f; o the IB filling fraction of the bulk IB material at 7" = 0 K.
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For a donor-type IB f7y = 1, and for an acceptor-type IB f; o = 0. Note that in writing the shallow

dopant terms Np and Ny, we are assuming complete ionization of these impurities.

5.3 Numerical method

Simudo uses the finite element method (FEM) to solve the coupled Poisson/drift-diffusion and
optics problems, given by Egs. and [5.24, The FEM method divides the simulation
domain §2 into cells, which are generally triangles in 2D, and enforces a weak form of the desired
PDE’s with a set of test functions defined on those cells, with boundary conditions applied on the
domain boundary I'. The method is well-described in many reference texts [82, 41, 40]. In this
section, we detail the weak forms used for these coupled equations and the solution method for
the resulting nonlinear system. We benchmark Simudo against the industry standard Synopsys
Sentaurus commercial simulator on a standard semiconductor problem to show the quality of our

results.

5.3.1 Solution method

The PDD problem is a coupled nonlinear system of PDEs, which we solve iteratively using Newton’s
method as implemented in the FEniCS package. The solution procedure is outlined in Fig. [5.2]
The goal is to find a solution y = (¢, E, we, wr, wv,jc,jf,jv) that satisfies Eqgs. and
associated @, that obeys Eq. [5.19] The optical problem is solved alongside the PDD problem in
a self-consistent manner. That is, the PDD subproblem produces the absorption coefficient a(\)
(which, for processes involving the IB, depends on the filling fraction). The optical subproblem is
then solved using these absorption coefficients, yielding a new photon flux ®,, which is fed back
into the PDD where it enters in the optical carrier generation process, and the cycle iterates until
a self-consistent solution is found.

The convergence of Newton’s method depends on the quality of the initial guess. Steps 1 and
2 in Fig. are the pre-solver, which is used once to make the initial guess for the main Newton

solver, illustrated in step 3. The full procedure is:

1. For each point in space, calculate the equilibrium Fermi level Er at that point assuming

local charge neutrality and ¢ = 0.

Physically, this step finds the Er in each location that makes it charge neutral, before any

charge is allowed to flow.

2. Determine the built-in potential ¢y; of the equilibrium system, using ¢g = Er/q as the initial
guess. That is, solve only Eq. for ¢ while keeping all w; = 0 and thus all jk =0.
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Step 1:

Solve for E -

f h point i
or each point in space such that p — 0

Solve Poisson-only system
at thermal equilibrium

)C
¢ when wr
wy

Start at
thermal equilibrium

Adaptively ramp-up
light intensity

Solve for @,
given o)\

i,min A, max],8i

Figure 5.2: Workflow of the numerical method used in Simudo. Steps 1 and 2 are pre-solver steps,
which construct an initial guess for the main Newton loop (step 3).
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Physically, this step allows charge to move, forming depletion regions as the carriers move
to achieve a zero-current configuration that satisfies Poisson’s equation. The carrier density
inside bulk-like regions of space changes little from the bulk equilibrium value in step 1,

making ¢y an excellent guess in large regions of space.

3. Main solver loop Adaptively ramp up light intensity and/or bias, starting with thermal
equilibrium (dark, no bias). Each solution requires a loop of Newton iterations. Within each

Newton iteration, do the following;:

(a) Optical calculation For each optical field A, solve for the photon flux &, given the
latest value of o). Note that Eq. is linear when «, is fixed.

(b) PDD Newton step Perform one Newton step of the PDD problem.

i. Solve for dy = §(¢, E, we, wy, wv,fc,jl,jv). Use the value of @, (and thus optical
carrier generation) computed in the previous step.

ii. Update y <y + dy.
As an option, logarithmic damping can be applied to dy to prevent Newton’s
method from diverging, e.g., y < y + LogDamping(dy) where LogDamping(z) =
sgn(z)log(1 + ¢|z|)/c for ¢ = 1.72 or other user-defined value [83].

We now describe the weak forms that we use for each of Eqs. 5.1} [5.5] [5.19, and [5.23] There is

much flexibility in the choice of particular weak forms, all of which can be equivalent to the same
strong form. In Section [5.3.3.2] we illustrate the use of a partitioned offset representation for wy,

which allows internal currents to be calculated accurately with double-precision arithmetic.

5.3.2 Poisson equation

Here we introduce the formulation we use to implement Eq.[5.24, We use a mixed method to solve
for both ¢ and E explicitly [84,[85]. The potential ¢ is represented as a superposition of discontinu-
ous Galerkin (DG) basis functions of order dpoisson — 1 (cell-wise discontinuous polynomials), and E
is represented using Brezzi-Douglas-Marini basis functions of order dpeisson (cellwise discontinuous
polynomials with continuous normal component on cell boundaries) [84]. We use the BDM space
for all vector quantities, including E and jk The BDM space is H(div) conforming, meaning the
divergence is accurately calculated and fluxes between cells are preserved, which makes it a natural
choice for conserved or almost conserved vector quantities. While ]k is not a conserved quantity,

due to generation and recombination that occur inside of cells, the BDM space ensures that jk is

'In the BDM space, the normal fluxes are shared by adjacent elements. The flux exiting the perimeter of a
collection of cells exactly equals the sum of fluxes out of each of the cells, with exact arithmetic.
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accurately preserved when passing between cells. A method using CG or DG functions for j would
be susceptible to numerical errors associated with non-conservation of currents between cells, and
we show in Sec. [5.3.3.2) that Simudo conserves current well in a pn diode. In the results below,
Apoisson = 2.

We multiply Eq. by test function @Z € BDM(dpoisson) and Eq. [5.24b| by test function
v € DG(dpoisson — 1), then integrate each spatially, giving the weak forms

yg@-ﬁ%c—/ﬂ(v-&)cwr/g@ﬁ:o (5.26)

/Qv(v-(gﬁ)) —/va:o, (5.27)

which must hold for every test function QZ and v, where € is the full domain and I is the boundary.
Note that Eq. includes an integration by parts. In this case, the electric field BC is an essential
BC, imposed by reducing the set of test functions to those that satisfy the BC, while the potential
BC is a natural BC.

5.3.3 Transport equations

The drift-diffusion equations are often numerically challenging to solve in semiconductors. In
carrier density-based formulations, poor resolution of the gradients of u; makes linear interpolation
of current density unstable, which the Scharfetter-Gummel box method corrects for FVM methods
[42]. Additionally, catastrophic cancellation can occur in Eq. , e.g., for the majority carrier in
a quasi-neutral region of a semiconductor, when the drift and diffusion contributions are nearly
equal in magnitude. The current is given by the difference and can be hard to evaluate with finite
precision arithmetic. We address these issues by using a quasi-Fermi-level-based representation
for carrier density [86, [72|. Calculating Vwy, in finite precision for Eq. can also be challenging
when wy, is very flat, and in Sec. we introduce a partitioned offset representation for wy
to allow accurate determination of Vwy, with essentially no extra computational cost. We use a
mixed FEM method that solves explicitly for both w; and the current density ;k As described in
Sec. [5.3.2] the BDM space of basis functions enforces local current conservation in the solutions,
which also enables local current densities to be well determined. Without the mixed method, local
current conservation is enforced indirectly, and we were not able to obtain well-converged results

for local currents.

7



5.3.3.1 Quasi-Fermi level formulation

The quasi-Fermi level wy, is represented as a superposition of DG basis functions of order diansport —
1, and the current density jk is represented using BDM basis functions of order dyansport- Sec-
tion [5.3.2] contains a discussion of these functions’ properties and of the mixed method. In the
results below, dyansport = 2.

We derive weak forms of Eq. and Eq. [5.5] multiplying Eq. by test function v €
DG(dtransport — 1), taking the dot product of Eq. with the test function 1; € BDM(diransport),

and integrating each equation spatially, giving

Oz/ﬂvﬁ-jk—/ﬂskvqgk (5.28a)
0= /Q@Z-fk/(ukuk) —jg(@-fz) wk,Bch/Q(ﬁ-@B) Wy, (5.28D)

J/

—~
natural BC

where the second equation was obtained by a further integration by parts.

5.3.3.2 Quasi-Fermi level offset partitioning

As written, Eq. [5.28] still suffers from a form of catastrophic cancellation in its last term, which
corresponds to the gradient term in Eq. . Since fQ V- TZ = 0 for @Z € BDM(dtransport), the last
term is nonzero only if wy varies within the domain where 1 is nonzero. wy can be extremely
flat, for example in quasineutral regions, which makes this integral hard to calculate with finite
arithmetic precision. This difficulty is more apparent in Eq. : if ;k [Py = Vwy is small a
representation of wy that stores its value on the nodes of the mesh (as described in Remark|f])cannot
resolve such small changes in w,, across space.

We circumvent this issue by using an offset representation for wj. The idea is to give each cell
in the domain its own (spatially constant) base quasi-Fermi level wy relative to which the new
dynamical variable dwy, is expressed. That is, wy, = wyo+ 0wy where dwy, is the quantity we actually
solve for instead of wy. Before every Newton iteration step, the wy of each cell is initialized to the
cell average of wy, from the previous iteration. This representation allows small spatial changes of
dwy to be accurately represented, enabling accurate determination of the current.

The last remaining question is how to adjoin regions with different base wyo values. We connect

Zrelative to |wy|/(mesh size)

78



them by adding a surface integral jump term to Eq. [5.28b] resulting in

0= [ 5 ufn) = P dunpe + [ (95w
LD S (Cni ) (5.20)

fEinterior facets f

N

TV
region boundary term

where [wyo] is the jump operator, which takes the difference between the values of a discontinuous

expression on either side of a facet (see Appendix . The rest of this section is dedicated to

deriving that term and comparing the result to a formulation without the offset representation.
We substitute wy, = wgg + dwy, into Eq. [5.28b] and we obtain

0= / B Tl (as) — ;5 (&) Swene + / (¥ ) du
- %(@Z - ) wropc + /(ﬁ ) wio - (5.30)
T Q

J/

-~

(%)

Our goal now is to rewrite the (x) term. Since wyo is constant on each cell K, Vwgo = 0 within

each cell. We integrate by parts using

/5-6a+/a(6-5)=§£&a-ﬁ, (5.31)
Q Q T

0

yielding

Summing over all cells K,

;/K(6 1)) wro —;yg}((@z + ) Wio (5.33)
W—/

(V-dywo =P+ Y (46 - 2) [wno] (5.34)
Q r !

fEinterior facets
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N fEinterior facets f

(- 72) [wio] (5.35)
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Figure 5.3: (a) Current densities jo and jy for a silicon pn-junction at a bias of 0.16 V. Simudo’s
partitioned offset representation (dashed, dark lines) allows robust determination of internal cur-
rent densities, while calculations without the offset representation (solid, dull lines) cannot deter-
mine the majority current densities accurately. (b) Total charge current density at the contact.
Results with and without the offset representation agree to 5 digits of precision.

which, plugged into Eq. yields Eq. [5.29]
We perform a test of Simudo, which uses the partitioned offset representation, against the

identical model without the offset representation. We consider a standard silicon pn-junction
diode with symmetric doping of 10'® ¢cm™ and SRH lifetimes of 1 ns and 1 ps in the p- and
n-type regions, respectively. Each region has a length of 250 nm, for total device length of 500 nm.
Although the problem is one-dimensional, we consider a 2D region with a height of 1 um. At
each contact, the majority carrier has an infinite surface recombination velocity while the minority
carrier has zero surface recombination. We use a mesh with 769 points in the x-direction, which
is tightest near the contacts and junction and expands out geometrically toward the middle of the
quasi-neutral regions. The mesh has 2 points in y-direction, and further details of the mesh are
given in Sec. [5.3.5]

The offset representation allows internal current densities to be resolved accurately throughout
the device. Figure [5.3|(a) shows the electron and hole currents under 0.16 V bias. Without the
offset representation, the majority currents are poorly resolved, due to the inability to resolve Vwg
with double-precision arithmetic. The majority currents in the no-offset model become worse as
the mesh density increases (not shown), as expected for approximations of Vws. Figure (b)

shows the total charge current density at the contact, and the results with and without the offset
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representation agree to 5 digits. We conclude that the offset representation allows robust extraction
of internal current densities but does not seem to be important for the overall current density of the
test device. The offset representation imposes essentially no extra computational cost on Simudo

while enabling robust determination of internal current densities.

5.3.4 Optics

The optical problem is solved by self-consistently iterating through the optical flux variables

Dy and independently solving Eq. for each one. For convenience, we write & =

i,miny)\i,max]ysi

5= 8;, and a = [\, ... \imae) fOr the remainder of this section. We represent @

[)\i,minvAi,max]r%i’

using CG basis functions of order doptical = 2.

i,min>

We now derive the weak form used in Simudo to solve each optical propagation problem.
We follow closely the derivation in [81] of the modified second order radiative transfer equation
(MSORTE) method, without the scattering matrix. Integrating Eq. with a test function
v € CG(doptical) glves

/ﬁﬁu/ﬁv(acp):o, (5.36)
Q Q
where v =v s and ( = §- V. Using Eq. , we obtain

fr(ﬁ-ﬁ)@c—/Q(ﬁ-a)u/ﬂaﬁ(a@):o. (5.37)

Inserting the outlet boundary condition Eq. into the first term, we obtain the final weak

form
é(a-m(—a@)—/Q(ﬁ-a)u/ﬂaﬁ(acb):o (5.38)

The inlet boundary condition Eq. is applied directly on ® as an essential boundary

condition.

5.3.5 Sentaurus benchmark comparison

To validate Simudo, we benchmark it against the industry standard Synopsys Sentaurus device
simulator. Since Sentaurus does not support intermediate band materials, the benchmark is limited
to standard semiconductors. Our test problem is the same silicon pn-junction as considered in
Section [5.3.3.2] with the overall J(V') as shown in Fig. [5.3(b). See below for a discussion of the

differences in implementation of the Ohmic condition between Simudo and Sentaurus.
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We study the convergence of the results as the mesh is refined, using a number of mesh points
in the x-direction ranging from 45 to 12289, with the same meshes used for both Sentaurus and
Simudo. The mesh spacing is nonuniform in the x-direction since the carrier and current densities
vary most rapidly near the contacts and the junction. The meshes are generated by splitting the
structure into two regions, one extending from the p-contact to the junction and one from the
n-contact to the junction. In each region, a mesh spacing dy is applied to the cell adjacent to the
contact and the cell adjacent to the junction. The mesh spacing increases geometrically toward
the center of each region with a growth factor of 1.2. To generate the finest mesh sizes, these cells
are further subdivided into 4, 16 or 64 equal parts. There are 2 points in the y-direction. The
computational cost generally increases with the number of degrees of freedom rather than with
the number of cells in the mesh. Simudo has more degrees of freedom associated with each cell
than Sentaurus, due to its higher-order basis functions. For this mesh, Simudo has 36 degrees
of freedom per triangle while Sentaurus has 9 per triangle, with 2 triangles per mesh point. In
this mesh, each triangle has at least one edge on the boundary of the device, which increases the
number of degrees of freedom per triangle compared to a mesh where most triangles share sides;
this effect is similar for both methods.

Figure [5.4[(a) shows the results of the study, where we plot the relative error in J(V') for each
simulation, with the reference current J,. taken from Sentaturus with the densest mesh. With 193
mesh points, Simudo converges approximately as well as Sentaurus with 3073 mesh points. Above
769 mesh points, the Simudo results show no further improvement in error, indicating either that
Simudo and Sentaurus converge to results that differ at the 107° level or that Sentaurus with 12289
mesh points is only converged to the 107 level, while Simudo may have converged more precisely.
The simulations were performed on different machines, so we do not report timing data.

The figure makes clear that Simudo converges much more rapidly with mesh size than Sen-
taurus, which demonstrates the higher order convergence that FEM is supposed to provide over
FVM. Figure [5.4[(b) shows the scaling of the errors with the number of degrees of freedom in each
simulation, at 0.4 V. The solid blue line shows that Sentaurus’ self-convergence scales like N2
with the number of degrees of freedom. The dashed green line shows Simudo’s self-convergence,
with J.r taken from the Simudo simulation with 12289 mesh points. It shows that Simudo’s self-
convergence scales like N =% with the number of degrees of freedom. For all but the smallest meshes,
Simudo’s convergence is superior to Sentaurus’ at the same number of degrees of freedom. Taken
together, these figures show that with 193 mesh points, Simudo’s result is as good as Sentaurus’
with 64 times as many mesh points, which is equivalent to 16 times as many degrees of freedom.

Note that the boundary conditions at the contacts are not precisely the same for the Sentaurus
and Simudo simulations. Both are intended to simulate Ohmic contacts for the majority carrier

and surface recombination velocities of 0 for the minority carrier. The Simudo simulations are
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Figure 5.4: (a) Relative error in total current J for a test pn-junction in the dark, at several mesh
densities. Dashed lines show results from Sentaurus, and solid lines show results from Simudo,
with the same meshes. The Sentaurus result with the finest mesh is taken as Jy¢ for calculating
relative error. Points at V' = 0 are removed to avoid dividing by zero. (b) Relative errors at 0.4 V
plotted against the number of degrees of freedom in each simulation. Solid lines use Sentaurus
results for J.¢, and the dashed line shows Simudo self-convergence. Dotted lines show the scaling
trends of the two methods.
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performed with surface recombination velocity S = oo and 0 for the majority and minority carriers,
respectively, imposing equilibrium carrier concentration at the boundary for majority carriers and
setting jk -n|p = 0 for minority carriers, as described in Sec. . The Sentaurus simulations
are performed with S = 0 for the minority carriers, in agreement with Simudo, and the default
“Ohmic contact” boundary condition for the majority carriers, which imposes charge neutrality
and equilibrium carrier concentration at the contact. Under small and reverse bias, these two sets
of boundary conditions should be equivalent, but under large forward bias, the default Sentaurus
boundary condition is expected to give incorrect results due to its imposition of charge neutrality
[87]. Sentaurus provides a “Modified Ohmic” boundary condition, which should be closer to the
Simudo boundary condition, but we were unable to attain convergence using it. As a result, at
larger biases the Simudo and Sentaurus results diverge from each other, and we do not include
them in Fig. For biases larger than 1 V, the diode is in high injection, and the Boltzmann

approximation used in this calculation is not accurate, regardless.

5.4 Examples and results

In this section, we give examples of using Simudo. Section shows how to set up a simple
1-dimensional pn-junction device and demonstrates the helpful tools that Simudo provides for
defining regions and boundaries. Section [5.4.2] shows the extensibility of Simudo by illustrating
the code required to add a new Auger recombination process. Section illustrates the use of

Simudo to study a system first considered in [58].

5.4.1 pn junction and topology definitions

We include in the supplementary material the code listing equilibrium.py describing a simple
pn-junction device in Simudo. This example constructs the device and implements steps 1-4 of the
pre-solver shown in Fig. 5.2 Here, we discuss some of the pieces of that code and illustrate the
useful topology construction operations built in to Simudo.

In the 1-dimensional pn-junction example, the object 1s contains information about the layers,
including their sizes, positions, and mesh. The object pdd sets up the Poisson/drift-diffusion
solver and has information about the bands in each material, including recombination processes
and boundary conditions. In this example, there are only two bands (VB, CB); for a problem
including an IB, pdd would have a third band, too.

Simudo is designed for 2-dimensional simulations, and it has sophisticated tools to define the
arrangement of materials, dopings, contacts, meshing regions, or other user-defined spatial prop-

erties. In many FEM solvers, interfaces must be tracked manually, including their orientation,
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Figure 5.5: Simudo allows users to define complicated domains and regions within them, with
useful tools to automatically keep track of the required cells and facets in each region. (a) A
simulation domain divided into overlapping regionl and region2. Simudo automatically defines
the exterior outside the simulation domain, and provides the helper regions exterior_left,
exterior_right, exterior_top, and exterior_bottom, which may not be helpful, depending on
the shape of the domain. Even before the regions are given specific geometries in the simulation
domain (e.g., those pictured in (a)), Simudo’s topology tools allow construction of further regions
and facets. (b-e) Derived regions and facets from the domain shown in (a), with the Simudo
command to produce them shown underneath, where we shorten regionX to rX. Further example
code is shown in Fig.[5.6l (b) The contact FacetRegion b1 is the signed boundary from region2 to
exterior_right, with the sign indicated by the arrows. It can be used for determining the current
flow out of the device. (c¢) region3 is region2 with regionl removed. (d) The FacetRegion b2
is the signed boundary from regionl to region3. (e) The f1ip operation reverses the sign of the
boundary.
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from simudo.mesh import CellRegions, FacetRegions

R

= CellRegions() ; F = FacetRegions ()

# R.regionl is created automatically when referenced

print (R)

print (R.regionl, type(R.regionl))

print (R)

## CellRegions ({})

## CellRegionByName (’regionl’) <class ’simudo.mesh.topology.CellRegionByName’>
## CellRegions ({’regionl’: CellRegionByName (’regionl’)})

#

R.

#

|

Define new region as set difference of region2 and regionl

region3 = R.region2 - R.regionl
The method (R.regionl).boundary(R.region2) creates the signed boundary from
regionl into region2, e.g., for calculating flux. R.region2 is created when

referenced.

.bl = (R.region2) .boundary(R.exterior_right)
.b2 = (R.regionl) .boundary(R.region3)
b3 = (F.b2).flip()

Figure 5.6: Example of using CellRegions and FacetRegions to construct regions corresponding
to those shown in Fig. [5.5] The R and F objects are containers for cell and facet regions respec-
tively. They are both initialized empty, and regions in each one are created when referenced.
The boundary method in (R.regionl) .boundary(R.region3) creates the signed boundary from
regionl to region3. The f1ip() method gives the boundary with the opposite sign. The actual
mapping of these regions into the domain occurs in the mesh generation.
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to ensure that integrals over those interfaces are added together properly. Simudo introduces a
set of topology tools that instead allow users to define the regions and interfaces in which they
are interested, and Simudo takes care of all the bookkeeping. The user defines regions as desired
(e.g., emitter, base, defective-region), which can then be given properties, whether they be doping
levels, recombination parameters, or other desired properties. These regions are initially defined
abstractly, without having any coordinates in the device, using CellRegions and FacetRegions,
and are later connected to geometry and materials by the mesh generator.

Full details are given in the documentation accompanying Simudo, but we give a further illus-
tration of these methods in Figs. and That example illustrates the creation of arbitrary
CellRegion objects, including unions and intersections, and edges that connect them. When R is a
CellRegions container, accessing a nonexistent attribute (such as R.domain) causes its creation.
The user can define new CellRegion objects by applying Boolean operations on previous ones
and new FacetRegion objects by using the boundary method. For example, consider the region
R.regionl. Then
R.regionl.boundary(R.region2) creates a signed boundary from regionl to region2, as illus-
trated in Fig. 5.5l All of these custom regions are kept as symbolic expressions and evaluated
by Simudo only when needed (e.g., when asked to apply a boundary condition or when asked to
compute a volume or surface integral). This layer of abstraction allows the user not to worry about
the details of mesh markers, entity indices, and facet orientations [88], and is described more fully
in the documentation that accompanies Simudo.

The examples in Figs. [5.5 illustrate another useful concept. The mesh generation interprets
the external region as being outside the simulation domain, allowing convenient definitions for
boundary conditions and current flow. The FacetRegions are used in the pn-junction example
shown in the supplementary material to define the boundary conditions, which — in step 2 — are
conductive at the left and right contacts and nonconductive at the top and bottom surfaces. That

example also shows how the mesh can be refined by adding extra mesh points near the contacts.

5.4.2 [Extensibility: Adding Auger recombination

The initial release of Simudo contains radiative and Shockley-Read trapping and recombination
processes in the non-degenerate limits for VB, CB. The user can easily add modified physics to
their problems, which we demonstrate here with an example of adding an Auger recombination

process to Simudo, with the form
Ua = Co(n*p — ngpo) + Cy(p*n — pgno), (5.39)

where C,,,C, are the Auger coeflicients, and py and n, are the hole and electron concentra-
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from simudo.physics import (DarkEOPMixin, TwoBandEOPMixin,
ElectroOpticalProcess)

class AugerRecombination(DarkEOPMixin, TwoBandEOPMixin, ElectroOpticalProcess):
"""Auger recombination"""

name = ’Auger’

def get_Auger_C(self, band):
return self.pdd.spatial.get(’/’.join ((
self .name, band.name, ’C’)))

def get_generation_user (self, band):
# In this case, sign is +1 for CB, VB and None for all other bands
sign = self.get_band_generation_sign (band)
if sign is None:
return self._zero_generation

CB = self.dst_band ; C_n self .get_Auger_C(CB)
self.src_band ; C_p = self.get_Auger_C(VB)

VB =

n = CB.u ; n0 = CB.thermal_equilibrium_u
p = VB.u ; p0O = VB.thermal_equilibrium_u
r = (C_n*x(n**2 * p - nO0**2 x p0) +

C_p*(p**x2 * n - pO**2 * n0))

return (-r) * sign # Contribution to generation rate

spatial.add_rule(’Auger/CB/C’, R.domain,
U(’1.1e-30 cm~6/s?))

spatial.add_rule(’Auger/VB/C’, R.domain,
U(’0.3e-30 cm~6/s))

Figure 5.7: Example Simudo code that implements Auger recombination (Eq. [5.39), including

the AugerRecombination class. The last four lines show the Auger material parameters being set
throughout the domain.
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tions at thermal equilibrium, respectively [79]. The code is listed in Fig. 5.7 The function
get_generation_user(band) adds a negative local generation rate in the CB and VB and returns
0 for all other bands. This recombination process moves particles between two bands, the src_band
and the dst_band. In this case, where the electrons and holes have opposite charge, the Auger
process destroys both particles simultaneously; if both carrier types involved in the process had the
same charge (e.g., for a CB-to-IB trapping process), the process would represent a particle-number-
conserving transfer (rather than a recombination) from the src_band to the dst_band, with the
appropriate sign for the recombination process determined by the get_band_generation_sign
method (inherited from TwoBandEQOPMixin). This method’s sign convention is that the dst_band
always gains carriers through the generation process, while the src_band gains or loses as required

by conservation of charge.

5.4.3 P[IB]N junction

In Ref. [58], the authors consider a quantum-dot-based IB solar cell with a p-n-IB-p-n structure.
They present a drift-diffusion model for the IB region only, with the carrier density and current
density boundary conditions obtained from a depletion approximation and law of the junction.
This model assumes that transport is diffusion-dominated in the IB region, and drift can therefore

be neglected. This early device model gave important insights into the behavior of IB devices.

Table 5.2: Parameters modeled on the device from [5§|, for Figs. 5.10}

Value Definition

Ec=1.67eV Conduction band edge energy
Er=1.10eV Intermediate band energy

Ey =0eV Valence band edge energy

Ne =Ny =5x10%cm™  CB and VB effective density of states
N; =107 ecm™3 IB density of states

pe = py = 2000cm?/V/s  CB and VB mobility

4 = 0.001 — 300cm?/V/s 1B mobility

acy = 10* em™! Absorption coefficient for CV process
X' = (2 —10) x 107 cm? Optical cross section for CI process

P =2 x 107" cm? Optical cross section for IV process
e = 13¢g Dielectric constant

T, = 6000 K Sun temperature

T. = 300 K Cell temperature

X = 1000 Solar concentration factor

wig = 1.3 um IB region length

fro=1/2 Charge-neutral IB filling fraction

In testing the self-consistency of the model, the authors estimate the IB mobility required to
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remain in the diffusion-dominated regime, finding that an IB mobility greater than 62 cm?/V /s is
required to make their model consistent. This claim raises an immediate question: does something
interesting happen when the IB mobility goes below that threshold? Since Simudo is a full drift-
diffusion device model, we can directly answer that question.

We model a similar device with a simpler p-IB-n structure. This device has the same band
and absorption parameters as the device described in [58], summarized in Table The incident
light is a blackbody spectrum at 6000 K with a solar concentration factor X = 1000. The device
has equal subgap optical cross sections and nearly current matched (within 10%) incident photon
fluxes for the two subgap transitions. In this case, the local IV and CI generation rates are
nearly identical throughout the IB device. The code to set up this problem is included in the
supplementary material, in marti2002.py.

We simulate this device with p; ranging from 0.001 to 300 cm?/V /s, with resulting J-V curves
shown as solid lines in Fig. [5.8h, which is tightly zoomed and still shows only minor effects of this
over-10° change in p;. In fact, the IB and drifts currents contribute negligibly to the transport
inside the IB region and the current remains diffusion-dominated throughout, as shown in Fig.[5.9.

The device behavior is approximately independent of 11 because the IV and CI generation rates
are roughly equal at each point in the device, so IB transport is not required to enable sub-gap
current matching, but this behavior is not generic for all IB devices. We illustrate this effect by
increasing oy by a factor of five (while keeping o5} unchanged). In this case, the device is still
globally approximately current-matched, but the CI absorption process occurs preferentially at
the top of the device while the IV generation occurs deeper in the IB region. The device thus
relies on IB transport for the CI and IV generation rates to balance over the full device. These
effects are shown in the dashed curves of Fig. 5.8 which show a stronger dependence on y; than
in the matched case. When IB mobility is low, the excess CI generation in the front of the device
instead causes local CI trapping, with equivalent local IV trapping toward the back of the device,
reducing overall current. In the high-mobility case, the overall current is slightly larger with the
mismatched absorptions, due to the increased optical depth. Figure|5.8b shows how J,. varies with
(7 in both of these cases, where the greater dependence on p; in the mismatched case is apparent.
Figure shows that in the matched-c°P' case, j; is never particularly large, while it grows to
be five times larger in the mismatched case, showing the role of IB currents in internally balancing
the optical absorptions.

In the low-mobility limit, where j; is always small, when local CI and IV current generations
are imbalanced, the filling fraction f of the IB must shift to equalize generation and recombination
at each point [89]. This effect is visible in Fig. , where at low mobility, the mismatched-o°P*
case has photodepletion at the front side and photofilling at the back side, consistent with excess

CI generation at the front and excess IV generation at the back. Both the matched-c°P* and the
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Figure 5.8: (a) J(V) curves for devices with parameters of Table under X = 1000 suns
illumination, modeled on Ref. . Solid lines show oo = o9, as in , while dotted lines show
o = 509, which causes the CI absorption to be preferentially at the top of the device. Note
the small vertical scale. The mismatched-o°P* case is more strongly influenced by the IB mobility
s, but the effects are relatively small throughout. (b) The short-circuit current J,. for devices
with varying ju; shows that the matched-o°P! case is independent of p; when py is sufficiently large
(2 0.1 cm?/Vs), while the mismatched-c°P! case again shows a stronger pr-dependence, but note

the small vertical scale.
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and oy = o9t , with other parameters as in Table|5.2, The IB current density attains its maximum

at the marked point. (b) Maximum IB current density as a function of u; for the matched and

unmatched absorption cross sections, showing the increased importance of j; and thus p; in the
case where local absorptions are mismatched.

Figure 5.9: (a) Drift (dashed) and diffusion (soliﬁcurrents for each band, at pu; = 100 cm?/V /s
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Figure 5.10: IB filling fraction f(z) at the maximum power point with the parameters as in
Table [5.2 With mismatched o°P* and low p;, the IB filling fraction changes drastically through
the depth of the device, as the local generation and recombination rates must come into balance;
this balancing increases the local recombination and decreases the total current generation, as seen
in Fig. . With matched ¢°P, internal IB currents balance the absorptions, and f(x) remains
nearly constant.

high-mobility mismatched-o°P' cases maintain an approximately uniform IB filling fraction.
These examples together show the utility of Simudo to explore the performance of IB devices
and resolve an assertion made in earlier device models without the benefit of a coupled PDD /optics

solver.

5.5 (Paper) Conclusion

The availability of a device model for intermediate band materials should enable both understand-
ing of this new class of materials and optimization of IB devices. Simudo’s use of the FEM and its
methods for overcoming catastrophic cancellation may also prove useful in standard semiconductor
device simulation. Simudo has been validated against Synopsys Sentaurus for standard semicon-
ductor devices and shown to converge more rapidly with mesh size. This self-consistent solution
of the Poisson/drift-diffusion and optical propagation equations provides a platform for studying a
wide range of optoelectronic materials and devices, including solar cells and photodetectors, with
tools to enable extensibility to arbitrary generation and recombination models, thermal effects,
and more. The near-term roadmap for Simudo includes explicit heterojunction support and non-
local tunneling, which will be available with future releases at github.com/simudo/simudo. We
hope that the free and open source nature of this software will enable further development of IB

materials and device simulation more broadly.
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Chapter 6
Record of failures

Note. This section is original content for the thesis.

The coupled nonlinear PDE’s described in the previous chapters are frequently challenging to
solve. Along the way to the solution presented in chapter , we tried a number of other (sometimes
simpler) formulations of the problem. We record here those failed attempts and a brief discussion
of why they failed. Hopefully our suffering can be educational (and if not, at the very least

entertaining).

6.1 Standard density method failure — oscillations

The most direct way of applying the finite element method is to simply substitute Eq. into
Eq. and discretize the resulting equation

drift diffusion

. /—’H_; /_/$

Ik = QurE — gD Vuy, (6.1)
8Uk 1> -
0= —=—5.-V- 1 6.2
ot Skq Jrk Tk (6.2)
1 —d ‘ = 5 =d N

0= —skgv (qururE — s,qDpVuy) +gi (6.3)

Multiply by a test function v, integrate fQ, and voila. Just solve for uj, and E! It’s simple,
straightforward, and it doesn’t work. The author spent more than a few weeks trying and failing
miserably to get the numerical system to converge at all. What we call a drift-diffusion equation is
more generally known as an advection-diffusion-reaction equation. There’s a lot of literature [90),
42, [91] on why the standard CG1 elements numerical approach to these equations is bound to fail
due to spurious oscillations in drift-dominated regions (“high Péclet number”). A highly simplified

explanation is that FEM functions are usually linear or polynomial as a function of space, while
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the advection-diffusion problems can be exponential, so a naive finite element approach would
require a prohibitively fine mesh to tame the small-scale exponential nature of these problems.
Many researchers have described methods to remedy the issue: artificial diffusion [71], upwinding
[92], mixed elements [93|, the (modified) finite volume method [90], and many others [94]. Note
that these oscillations are not caused by numerical loss of precision; they would be present even if

we used infinite-precision arithmetic. A better approach is required.

6.2 Density-mixed method failure — catastrophic cancellation

Our next attempt is a mixed method, with the mixed variables being the carrier density u; and
the current jk On running this model, the resulting carrier density wuy looks like what we expect
from the depletion approximation (and matches up with the benchmark result from Sentaurus
reasonably well), but the current is extremely noisy in the regions where the carrier is the majority
carrier (e.g., conduction band electrons in the n-type region). The noise is significant but presents
itself as random oscillations around the correct value at forward bias (e.g., Figure [6.1]). However,
the noise completely drowns out the signal at reverse bias as shown in Figure We in fact
considered an entire family of solvers at this stage, including some desperate attempts involving
streamline upwind Petrov—Galerkin (SUPG) [95], but the noise would not go away.

We believe this phenomenon is due to catastrophic cancellation in the drift-diffusion equation
(Eq. , where the magnitude of the total current is much smaller than the magnitudes of
its drift and diffusion components (which have opposite sign and nearly cancel out inside the
depletion region and part of the majority quasi-neutral region). Figure showed a mild example
of catastrophic cancellation where |jc| is “only” 6 orders of magnitude smaller than |jcamr| and
|7c.aiffusion|- With higher doping and (especially) small |Viy| it is easy for the drift and diffusion
components of current to become over 16 orders of magnitude larger than the current itself. In
such a case it is impossible to try to resolve jo since 64-bit IEEE floats can only carry 16 digits of

precision. A better approach is required.

6.3 gfl-mixed method failure — catastrophic cancellation re-

dux

The next attempt is to rephrase the mixed method so that the carrier density is expressed as a

quasi-Fermi level wy, instead of carrier concentration uy. This replacement simplifies the drift-
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Figure 6.1: Comparison of currents in a silicon pn junction between the old Simudo density-mixed
method and Synopsys Sentaurus. The diode has symmetric doping Ny = Np = 10*® cm ™3 and
has a forward bias V, = 0.4V applied to it. Significant numerical noise can be seen throughout
both of the majority regions. The two simulators agree well on the minority currents outside of
the depletion region.
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Figure 6.2: Reverse bias variant of Figure at Veyy = —0.6 V, showing the (a) magnitude of
the noise and (b) a zoomed-in version showing the correct current densities (from Sentaurus).
The numerical noise dominates the signal by a factor of 1000 in the majority regions, making it
impossible to resolve the currents there. Sentaurus also has some numerical noise in the same
regions.
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diffusion equation (and resulting weak form) so that it only has one term
Ik = g Vg, (6.4)

as discussed in Section [5.2.1] and results in the weak forms shown in [5.3.3.1]

Unfortunately, noise is still present in the majority currents (as seen in Figure , albeit to a
much lesser extent than in previous method. The reason is once again catastrophic cancellation,
this time because wy, is extremely flat for the majority carrier. Computing the derivative Vwy in

Eq. numerically involves evaluating something like

wi(z + h) — wi(z)
h

Vwk ~

(6.5)

The subtraction can suffer from catastrophic cancellation if wg(z + h) and wg(z) are too close
together. Typically h is (approximately) the cell size, so we would expect to run into issues if
lwe| >> hj, /() = hVwy,. Amusingly, the catastrophic cancellation happens because the mesh
is not coarse enough, the exact opposite of Section [6.1. The minimum cell size h required to
resolve wy, is shown in Figure [6.3] where it appears to be two orders of magnitude larger than the
size of the entire device. The typical solution here would be to use higher precision floats, but
we're already using 64-bit floats and going to 128-bit would incur a massive performance hit. And
more importantly, the transition would require a massive development effort since 64-bit floats are

hardcoded inside FEniCS. A better approach is required.

6.4 Delta-qfl-mixed method success

The story has a happy ending, as we found a workaround by representing wy as a sum of two
variables w4 0wy where wyyg is a cell-wise average (and is computed before each Newton iteration)
and dwy, is an offset away from wyo and is solved for as an FEM trial function. This method is
fully described in section [5.3.3.2] and is the method currently used inside Simudo itself. This is

the end of our journey, and the beginning of a new era in intermediate band device modeling.
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Figure 6.3: Minimum cell size required to accurately resolve Vwj; throughout a pn junction,
assuming that wy is converged to 6 digits of precision. The device’s full parameters are described
in Figure[2.8 Since the device’s overall width is 4 um and a uniform Simudo mesh has on the order
of 100 nodes, the cell size is h ~ 0.04 um. However, the plot shows that resolving the majority
currents accurately using Eq. would require a minimum cell size of Ay, = 30 um, which is
impossible.
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Chapter 7
Conclusion

Simudo fills an important gap in semiconductor device simulation: it is extensible, supports both
standard semiconductor and IB materials (with their unique effects), and it is available as free and
open source software. Its immediate value is apparent, as it has been used to investigate the effect
of IB mobility inside devices with mismatched sub-bandgap absorptions 28] and to validate and
refine the IB material figure of merit [25].

Outside the IB device modeling niche, Simudo is competitive even in the more crowded space
of standard semiconductor simulators. Simudo beat Sentaurus on a reasonable benchmark (sec-
tion , and has better convergence with respect to the number of mesh points (figure .

An indispensable part of research is the realization that there are many more questions to be
asked (and answers to be questioned). For instance, Simudo currently relies on the Boltzmann
approximation for carrier densities. However, the approximation cannot be used for semiconductors
with degenerate bands. Overcoming this limitation is a planned feature for the future, using
efficient approximations to the Fermi-Dirac integral for parabolic bands 36|, 96| to implement the
relationship between wu and w;. Moreover, Simudo itself could use some more features such as tools
for 2D /3D modelling and a graphical user interface. Other planned developments include writing
a proper regression test suite (to quickly check that future code changes do not worsen Simudo’s
accuracy on existing problems), implementing reflecting and scattering boundary conditions for

optics, and multiprocessing support via MPI.
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Appendix A
Miscellaneous proofs

Lemma 2. The function f: (0,00) — R defined by

I D
\/1+1/r V1i+r

f(r)

attains its maximum at r = 1.

Proof. The function is smooth, so we look for extremal points by setting its derivative to zero.

0=20,f(r) (A.2)
1 1
0=0, + A3
Vi+rt V147 (43)
0= _71(1 +r )Ry _71(1 +1r) 2 (A.4)
0=—(1+7)32 2 4 (14 7)732
0= —rl/2 41 (A.6)

The function takes value v/2 at r = 1, lim,_,. f(r) = 1, and f(r) = f(r~!). Therefore r = 1 is

the only extremum, and it is a maximum. O]
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Appendix B

Jump operator

Within the context of the finite element method, the jump operator is defined on cell boundaries,
and it takes the difference in an expression between two cells. For example, consider a 1D context
with two cells at € [0,1] and = € [1,2], and consider a discontinuous finite element function
defined on the two cells as

20 0<z<1

500 1<z <2

fz) =

which could be a DG(0) function for example. The jump operator [-] is defined only at the interface
of the two cells (z = 1). The jump operator applied on f(x) at x = 1 is

/I = lim f(z) = lim f(z)

o=1 h—1+ h—1—
= 50— 20
=30

The jump operator can be applied to any discontinuous expression, not only functions in the

finite element space (such as DG or BDM). For example,

[ef @] = lim /@ — lim /@
=1 h—lt h—1-
_ 50 _ 20

112



	Introduction
	Context
	Organization

	Semiconductor physics
	Homogeneous slab of semiconductor
	Intrinsic semiconductor
	Extrinsic semiconductor
	Mass action law
	Doping

	Potential energy

	pn junction
	Depletion region
	Depletion region under non-equilibrium conditions
	Drift-diffusion equations
	Law of the junction
	With majority carrier quasi-Fermi level extension into depletion region
	With informally justified drift-diffusion

	Total current in a device at steady state
	Minority currents
	Total current
	Shockley equation
	Under illumination
	Depletion region recombination
	Shockley-Read-Hall recombination
	Current
	Qualitative behaviour of ∫Udx term

	Solution quality


	A more formal look at the law of the junction
	Derivation of exact drift-diffusion in depletion region without recombination or generation
	Interpretation
	Revised law of the junction
	jV(Vext) curve and validity bound for law of the junction
	Estimating validity in typical devices

	Finite element method
	Poisson equation
	Nonlinear Poisson equation

	Device model paper
	Introduction
	Statement of problem
	Carrier transport and generation
	Carrier generation and recombination
	Optical carrier generation
	Recombination and trapping

	Optical equations 
	Poisson's equation

	Numerical method
	Solution method
	Poisson equation
	Transport equations
	Quasi-Fermi level formulation
	Quasi-Fermi level offset partitioning

	Optics
	Sentaurus benchmark comparison

	Examples and results
	pn junction and topology definitions
	Extensibility: Adding Auger recombination
	P[IB]N junction

	(Paper) Conclusion

	Record of failures
	Standard density method failure – oscillations
	Density-mixed method failure – catastrophic cancellation
	qfl-mixed method failure – catastrophic cancellation redux
	Delta-qfl-mixed method success

	Conclusion
	Miscellaneous proofs
	Jump operator

