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CHAPTER
ONE

ABOUT

1.1 Introduction

There are many software tools available to understand and study the transport of charge carriers namely
electrons and hole in materials. Very few tools exist to study the transport of point defects in materials.
Moreover, the chemistry of point defects are addressed in almost no tool.

In our tool we developed a novel approach to study the transport of charge carriers and point defects on
an equal footing along with the incorporation of point defect chemistry.

1.2 Theory

The equation used for describing the transport of charge carriers are

o VT4 Gu Ry (L1)
Ty = —ponE — D, Vn (1.2)
%:_v.?p+ap—3n (13)
To = upE — DpVp (1.4)

V- (eV¢)=—p+n—Np+ Ny (1.5)

where jn), j; are the flux densities instead of the usual current densities used in semiconductors, ﬁ is
the electric field, ¢ is the electrostatic potential, G and R are the generation and recombination rates
modeled for radiative, SRH, Auger etc., Np and N4 are the net donor and acceptor concentrations. For
heterostructures, an additional gradient term should be added to the drift-diffusion equation (1.2) and
(1.4). The transport of point defects also follow the similar equations.

We can arrive at the same equations by treating diffusion flux as negative gradient of electro chemcial
potential (1) defined as
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el T [ % 1.

where G(} is the formation energy of the species, ¢ is the electrostatic potential, ¢ is the charge of the

species, T’ is the temperature, k is the Boltzmann constant, u is the concentration of the species and N is
the maximum number of microstates the species can occupy. The diffusion flux is given as

7= —k%uVu. (17)

Please note that we used Einstein relationship between mobility and diffusivity in writing (1.6) and (1.7).
Thus the transport equation are given as

85; — V.7 4G~ R (18)

D i
7Dy <G(}7i © oz + KTTn (]\7}‘ )) (1.9)
V- (eVg) = QOZZiUi (1.10)

where i is the index of the species, qq is the charge of an electron, z; stands for the ionization number of
the charge state with sign. The above equations can be applied to both charge carriers as well as point
defects. The (1.8) requires the computation of generation and recombination rates G; — R;. For charge
carries these rates are well known and can be computed with algebraic expressions. For example if the
charge carriers involve in radiative recombination then the G; — R; is given as

(Gz - Rz) |Tadiative =B (n? - np) (111)
For trap assisted recombination (SRH) we have

2
n; —np

(G = Ri) lsrH = sgnr——prr (1.12)
Cp Cp
where
ny = N "7 * (1.13)
pr = Nye 5t (1.14)

Here N¢, Ny are conduction and valence band density of states, Fc, Fy and Er are conduction band,
valence band and trap energy levels respectively.
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For point defects these rate are generally not known. We employ defect chemical reaction formalism
and use chemical reaction kinetics to compute the generation and recombination rate for point defects.
Considering charge carries as a point defect species we can show that generation and recombination rates
obtained from reaction kinetics are equivalent to the general expressions given in (1.11) and (1.12).

The interactions between point defects (including charge carriers) can be represented as defect chemcial
reaction. Considering a general reaction

K
aA+bBK:ch+dD (1.15)
b

The rate equation can be written as

1dA]  1dB] 1d[C]  1d[D]

a dt b dt c dt  d dt

In our tool we consider only point defect chemical reaction with atmost 2 reactants or atmost 2 products
with stoichiometric coefficients a,b,c and d to be either 1 or 0. For such point defect reactions we show
our method of computing the generation recombination rates. If any of the species is involved in more
than one reaction then the rate equation for that species have contributions from all the invovled reactions.

= K[A]"[B)* — K, [C]°[D]? (1.16)

Consider the following reaction system which represent almost all reactions considered in our tool.

Kfl
A+B=C4+D (1.17)
Kp1
Kf2
A=LE4+F (1.18)
Kp2
ng
Null = A+G (1.19)
Kps

Here species A is invovled in the 3 reactions as shown. Thus for this we write the rate equation as

% = —Kpn1[A][B] + K1 [C][D] — K y2[A] + Ki2[E]|[F] + K3 — Kp3[A][G] (1.20)

Once this rate equations are formed we systematically rewrite them as

d[A
% —UTQAU + PaU + Ko (1.21)

where U is a concentration vector (column) of length 7 (total number of species in the system),

U = (4], (B, (0], D], [E], [F], [G))" (1.22)

Q@ 4 is a 7X7 matrix with all zero elements except for

K K K K
A A fl1 A A bl A A b2 A A b3

1.2. Theory 3
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P4 is a row vector of length 7 with all elements zero except

= —Kjo (1.24)

and K 4 is the constant term given as K ¢3.

The above representation of rates as (1.21) can be extended to any species and we can write the corre-
sponding @, P, K variables as functions of reaction rate constants. For a general reaction system with M
species, the rate equation for the ¢ species is given as

M M

M

du; i i i

T E E ajujug + biuj + ¢ (1.25)
k=1j=1 j=1

fori =1,2,..., M, and a,b,c are the reaction rate constants in which the ¢ species is involved.

Then the variables Q?, P?, K can be calculated as

jaiy, ifj#k

G =iy = @y i =k (1.26)
0, otherwise
pl=bi, K =c. (1.27)

Thus, the generation recombination expression for any point defect species (including free carriers) can
be expressed as

du; . . _
G, — R; = ;t - UTQ'U + P'U + K' (1.28)

reactions

The net rate as reaction operator R(U) can be written as

R(U)=UTQU + PU + K (1.29)

where () is MXxMxM array, P is MxM array and K is Mx1 array.

The major advantage of writing R(U) in the above form is that we can calculate the Jacobian of the
reaction operator with the formula

JrU)=(Q+QNHU+P (1.30)

We thus showed you how we calculate the generation reaction term for point defects using the point defect
chemical reaction formalism.

4 Chapter 1. About
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1.2.1 Equivalence

In this section we show you the equivalence of writing radiative process and trap assisted process (SRH)
as defect chemical reaction. The radiative generation and recombination rate and SRH rates are given as
(1.15) and (1.16) respectively.

We represent radiative process as

K
Null == e + bt (1.31)
Ky

where e and k" denote the free electron and hole in conduction and valence band of the material. Hence
the rate equation is given as

e +
d[dtC] = d[c}zl:} = K = Kyle ][h)] = Kb (I[?; - [ec][hﬂ) (1.32)

Thus, if the ratio of forward to backward rate constant is n? we can easily see that eql1 and eq29 are
equivalent. The thermodynamics of reactants and products results in such condition for the ratio. This
will be shown in next section.

The equivalent reaction representing the SRH process in case of acceptor type specis can be written as

J N = (1.33)
K1 b2 .
The rate equations can be written as
d[A° dlA~
AL ) K A 4 KA+ Kl A7) - K], (139
dle;
% = KfQ[A_] — KbQ[AO][ec_], (135)
dlh}
[d;] = K71[A%) = Ky [A7][R}]. (1.36)

From (1.34) we note that [A°] + [A~] is constant in time (say D). Hence in steady state equilibrium for
[A°] and [A~] we have

K K, K K,
A% — 2+ Kpip D,[A%] = 1+ Rpzn D (137
Kf1 +Kf2+Kb1p+Kbgn Kf1+Kf2+Kb1p+Kb2n

where [h;7] = p and [e]] = n is used for notational simplicity.

Using (1.37) in (1.35) and (1.36) with few algebraic simplifications we can write

dn _ dp __ KnKpy — Ky Kionp
dt dt Kfl +Kf2 + Kpip + Kpon

(1.38)

1.2. Theory 5
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Now if the ratio of the reaction rates is restricted as

Kfl Ey—Er ng _Ec—Ep
=p = Nye *T  —2 —n, = Nce ET (139)
Kbl ! v Kb2 !

then (1.38) can be simplified further as

2

n; —np
G-R= o (1.40)
Ky Kz

which is equivalent to (1.16). The thermodynamics of reactants and products will result in (1.39) which
will be shown in the next section. A similar equivalence can be shown for donor type centers as well.

1.2.2 Thermodynamic Relationship between Forward and Backward Rate Con-
stants

Consider a general reaction

14 K M

Kr,
> X = > Y, (1.41)
i=1 j=1

with N reactants and M products. At thermodynamic equilibrium the difference in the chemical potential
of reactants and products should be zero. Thus, we have

N M
AG =) wipx, = ) yihy, (1.42)
i j=1

where A, G is the Gibb’s free energy change of reaction, p is the chemical potential of the species which
can be written from (1.6) neglecting the electrostatic potential as

0 [Xi]

Thus, at equilibrium we have

N

0 X\ s (0 [¥;1%
Do #iGhx AT | o =D | wGhy, + KT In | 5 (1.44)
5,X; j=1 s,Y,

i=1

Upon simplification we get

M Y M Yj
! Y; EJ "N :
[oaMilea _ Ih=aNoy, ape0 (1.45)

Hi:l [Xi}ery Hi:l Ns,Xi,

where A,.GP is the standard enthalpy change of reaction or standard reaction Gibb’s energy defined as

6 Chapter 1. About
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M M
A,GO = Z yiGy, — Z z:GY x,
j=1 i=1

We also know that at equilibrium we have

N

i=1 7

Hence using (1.45) and (1.47) we can write

M Yi

Ky Hj:l Ns,yj _2,6"
o —e kT

= N —
Kb Hi:l Ns,iX,,

¢ =0

M
Ky [[1xi0%eq — K []1V5
=1

(1.46)

(1.47)

(1.48)

Therefore, the reaction rate constants should have a fixed ration. Applying this to the reaction (1.31) we

have

Ky _
K,

G% _G°
frec f;hj/—
N o= N+ exp <— T >

(1.49)

The number of microstates for electrons in conduction band and hole is valence band are N and Ny
respectively. The formation energies of electrons in conduciton band and holes in valence band referenced

from vacuum level is

G = G

fih

P EXTE

(1.50)

where Y is the electron affinity of the material and F is the band gap of the material. Thus, we have the

ratio as

Ky Ey
Considering the reactions in (1.33) we have
0 0 0
Kp _ Noa-Nows Gra- + G~ Grao (152)
Ky N, a0 P kT :
0 0
Kpp _ NoaoNoeo o CraotCGpoo = Cra (153)
Koz Noa P kT '
where the formation energies are given as
G%Ao = Ef)Ao - X — E]g7
GY.4- = Ef a0 — sign(A”)Br — x — E, (1.54)

GO

fe: = X6

R

1.2

Theory
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Here sign(A™) is the sign of the charge on the species, Er is the trap level (transition level from 0/-)
with respect to vacuum and E 4o is the defect formation energy of neutral species calculated through
Density Functional Theory (DFT) referenced with respect to valence band. Assuming that the microstates
for neutral and charged species are nearly same, we get

K E,+FE Ey - FE
fl:Nvexp(—X+ g F T)szexp<V T)

Ky kT kT
(1.55)
Ky oo (Cox—Br\ (B~ By
Ky © kT © kT
where we have used the relations
Ec =-x,By = —x - E, (1.56)

Hence, for SRH process, the thermodynamics guarantees the equivalence as a chemical defect reaction.

1.3 Models

We have presented the theory behind our approach and the differential equations involved in the transport
of charge carries and point defects. In this section we give the models we have employed in our solver.

1.3.1 Reaction Models

Although thermodynamics provides the ratio of forward and backward rate constants, we still have to
find either one of the rate constants. For this we use reaction models that provide the rate constant of the
reaction either forward rate or backward rate. Consider a general reaction

A% 4 B7B K Czc 4+ dD% (1.57)

where d can be 0 or 1 with O being single product reaction and 1 being two product reaction, zx is the
ionization of species X. The diffusion-controlled reaction rate constant for the above reaction is given as

E
K = 47 Reqpi(D 4 + D) exp (15) (1.58)

where R.qp: is the capture radius, Dx is the diffusivity of species X, /4 is the activiation energy of
reaction ( 4 > 0) representing the probability of a collision resulting in the formation of product.
The various types of reaction models used in the solver are as given below

¢ Diffusion Limited with Attraction Model:

_ |zazs
ekT
¢ Capture Radius Limited Model:

(D4 + Dp) where model is applicable only if z4 X 25 < 0 (1.59)

K =47mR qpt(Da + Dp) where model is applicable only if z4 X zp > 0 (1.60)

* Capture Cross Section Limited Model:

8 Chapter 1. About



PVRD-FASP Documentation, Release 0.9

K = 0./h,Vsh,e/n Where model is applicable whenever one reactant (161)
is either electron or hole and only ifz4 X zg > 0
¢ Thermal Generation-Recombination Model:
K = By where model is applicable only when the reactants are both electron
and hole. Here By is the band to band recombination rate (1.62)

coefficient of the material

 Barrier Limited Model:
E
K =vexp (_kﬂb“) where model is applicable with sigle reactant and single product

1.
Here v is the attempted frequency (1.63)

E)y, is the reaction activation barrier

1.3.2 Diffusion Models

The diffusion coefficient of species is assumed to have Arrhenius relationship with temperature given as

D(T) = Dy exp (-fﬁ)

The diffusion coefficient of free carriers are assumed to follow Einstein relationship given as

kT
De/h = Ne/h?

The mobility of free carriers are assumed to follow the relationship
T 2
He/h = He/h,300K <300>

1.3.3 Band Gap Models

We use Varshni model for the temperature dependence of band gap given as

E (T)=Ey—a (TZTB)

where E) is the band gap at OK, « and 3 are fitting parameters.

1.3.4 Density of States Models

For charge carriers the density of states are given as

9 <27rmeff,e/hmokT> %

h2
For defect species the density of microstate are given as
Ns = gatom X Getec X No

where gutom, Gelec are the atomic and electronic degeneracy factors, Ny is the lattice site density of the
host material. The sites available to the point defects in the host material depends on the host crystal
structure, size of the point defect etc. Hexagonal site, tetrahedral site etc are examples of lattice sites in
zincblende crystal structure.

1.3. Models 9
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1.3.5 Formation Energy of Species Models
For charge carriers the formation energy is given as
AHy(e) = —x, AHy(h) = x + E,4(T)

For point defect species the formation energy is

AHp(X*) = AH;(X°) — sign(z) * (3€OAET —x - Eg(T))

This completes the description of the solver.

10 Chapter 1. About
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INDICES AND TABLES

* genindex
¢ modindex

¢ search
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