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GALLIUM ARSENIDE (GaAs) SOLAR CELL MODELING STUDIES

By
John H. Heinbockel*

SUMMARY

In this report various models are constructed which will allow
for the variation of system components. Computer studies are then
performed using the models constructed in order to study the effects
of various system changes. In particular: (1) GaAs and Si flat plate
solar power arrays are studied and compared; (2) series and shunt
resistance models are constructed, and (3) models for the chemical
kinetics of the annealing process are prepared. For all models

constructed, various parametric studies are performed.

* Professor, Department of Mathematical Sciences, 0ld Dominion University,

Norfolk, Virginia 23508.
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INTRODUCTION

Mathematical modeling is a flexible tool for assessing and guiding
research, A good mathematical model can take the abstract results of
research and project future applications. Models are also useful in
helping to explain the results of laboratory experiments. As a tool,
mathematical modeling and computer simulation can make comparisons
between different approaches to a problem. It can also be helpful
for an analysis of a proposed system and an assessment of the advan-
tages and disadvantages of one system over the other. Also, mathema-
tical modeling provides an inexpensive, rapid means for estimating the
magnitude of changes produced by each variable in a multiple variable
program. This is particularly important for guiding research into
productive directions. In this report, various mathematical models
are constructed and then experiments are conducted with the model
for the purpose of better understanding the theoretical behavior of
the system. The results of this theoretical experimentation
are usually expressed in terms of graphs. This report considers three
different types of models: (1) GaAs and Si flat plate solar power
arrays in space, (2) series and shunt resistance effects on the open-
circuit voltage and short-circuit current of a GaAs solar cell, and
(3) models fer the chemical kinetics associated with the annealing

of GaAs solar cells.
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LIST OF SYMBULS

total mission cost ($/W)

total transportation costs (§)
solar cell costs (§)

cost of solar cell array (§)

end of mission power (W), Si and GaAs solar cell
solar cell area {cm?)
transportation cost ($/g)
density of Si and GaAs (g/cm3)
thickness of Si solar cells (um)
thickness of cover glass (um)
proportionality factor

cost of Si solar cell ($/W)
solar intensity (W/cm?)
efficiency of 5i

efficieﬁcy of GaAs

end of mission power fraction for Si and GaAs
total mission cost of Si and GaAs power arrays ($/W)

temperature (°C)

parameter for radiation defects not annea.ed
cost of structural container ($/g)

thickness of GaAs solar cell (um)

Sun's intensity at I.A.U. (0.137 W/cm?)
emissivity

Stephan Boltzman constant

resistances (ohms)
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diode current (mA)

shunt current (mA)
recombination current (mA)
injection current (mA)
solar cell current (mA)
solar cell voltage (V)
junction voltage (V)
series resistance (ohms)
shunt resistance (ohms)
solar cell area (cm?)

intrinsic carrier density (cm™3)

;
;
;
A
3
;
3
1

lifetimes (sec)

width of space charge region (cm)
electron charge (coulombs)
Boltzman constant (JK !)
temperature (°K)

number of acceptors (cm-a)

number of donors (cm-a)

Planck constant (Js)

junction depth (cm)

total cell thickness (cm)
recombination velocities (cm/sec)

diffusion coefficients (cm?/sec)
diffusion lengths (cm)

short-circuit current (mA)
open-circuit voltage (V)

theoretical maximum open-circuit voltage (V)




effective masses of holes and electrons (kg)
electron rest mass (kg)

band gap energy (eV)

= [8,85(1071%)](10.9) permitivity of GaAs (F/cm)

mobilities (cmz/volt-sec)

(0gagl) fraction of defects with Schottky characteristics
number of Schottxky type defects per em?®
Pn model diode coefficients

Schottky model diode coefficient
Richardson constant a/(cm?°K?)

barrier height(eV)

illuminated current (mA)

current coefficients

window thickness (cm)

currents (mA)

voltage (V)

distance from the Sun
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JISSION COST ANALYSIS OF FLAT PLATE SOLAR POWER ARRAYS

‘Y with solar cells as

™ = S22t CPE 2 C3 s/

where P = power output at end of mission (EOM),

Cl = total transportation costs,
- = solar cell costs, and
C3 = cost of solar cell array.

with no concentration (C=1) we have

and

where

Cl = (TRC)(A) (pg € * Og tog) (1HX) (8)
C2 = (A)(0.137) ngj ag Cg, ($)
C3= (O lg te, + oot )(C) (8)
P = Al ng (Mg )

i

A(0.137)(0.15) 1-0.0041(T-25) (0.56)

TRC = transportation costs ($/g),

A = area of solar cell (cm?),

Pgr Pg = density of Si and GaAs (g/cms),
p.. = density of cover glass (g/cm®),

t
[}

thickness of Si solar cell (um),

(2
i

thickness of ccver glass (um),
X = proportionality factor, then

WSC = X Wy

We define the total mission cost (TMC) for a power array constructed

For a silicon solar cell power array we have shown (ref. 1) that

WSC = weight of structural container which is proportional to:

Wg = weight of Si solar cell plus cover glass

Cg; = Cost of Si solar cell ($/W),
CSc = cost of structural container ($/g),
I = solar intensity (W/cmz),

Ngi = efficiency of Si,
T = temperature (°C), and

fo. = end of life power fraction for Si solar

(g),

cells.




Hence for a silievon solar array we have

+ 9

TGS w{A(TRC) (g tye * Py teg

YI4X] % AL LS gy

5C a5

+ XA(o, ¢ )C, .} +{A(0.137) (0,15) [1 ~ 0,0041(T-25)](0.56)}

sc T Peg tcg

For GaAs solar power arrays we have shown (ref, 2) that for flat
plat arrays (C=1):

C1

TRC(A)[pg t* +p ot #X(p, t . +o.  t )]

S¢ cg g $ s¢ cg &g
t;c)0°393
C;’ = 300(’3‘0'6 A(0'157)"G,25
C3 = XA(ps tsc ¥ pcg tcS)Csc
P, =

= A(I)nG(T)fG

oy’

i

A(0.137)(0.20)[1 - U.OOZZS(T-ZS)]fG

where the end of life power fraction is

£ = QA - a*) +a*(0.5), T2 75
G 1+ 0.92 exp[~0.07(T-75)]

= 0.5 , T <75
and is a function of the operating temperature.

Hence, for GaAs sola: power arrays

TMCG = {TRC(A) [pG tgc +pcg tcg + X(ps tsc +pcg tcg)]
tic\0- 393 ,
. . ,
+ 30035 A0.157)(0.2) + X Alp, to, * tcg)Csc}

+{A(0.137)(0.20)[1 - O.OOZZS(T-ZS)]EG}
Let ASMC denote the change in the specific mission cost, then
ASMC = TMCG - TMCS = TRC o) + ajp

where (with appropriate units)

L A e s s




* ¥
a1 » {élég Fie " Peg fog * X(s Pse * O ‘cgil
: ;

G
A(e. t.. ot Y[1+X]
S 8¢ [ . -
- »g L B g “g) } (10 lf)
S
* \0,393 - i
e 300(1&) A(I)(0.2) - (1)(A) (o.ls)csi
z 300 P Ps

"4 1L
+ 10 {XA(DS tee * Peg tcg)csc(PG - ps>}

Here ASMC is a linear function of the transportation cost ($/g).
In the case where the intensity of the Sun is inversely proportional
to the distance 1 from the Sun in astronautical units (A.U.), then

_To _ 0.137
I = 2~ 7 e

and the temperature of the flat array is approximately
0.137

20 0T = 1 -
r

or

'r--(i*"ﬁ-'-? - 273>(°c:)
YT

Figures 1 through 4 illustrate how the specific mission cost difference
ASMC changes with respect to various parameters of the system. Note
that when ASMC is negative the Si array costs are higher than GaAs
array costs. These figures illustrate that flat plate GaAs solar
power arrays will be more economical in those operating regimes which
require a high temperature (near Sun missions) and those missions
which have a high transportation cost. In these figures we have

used the nominal values given in Table 1.

Table 1. Nominal values for flat plate arrays.
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SERIES AND SHUNT RESISTANCE

Various models exist for the current-voltage relationship of
solar cells which include both the series and shunt resistance
effects (see refs. 3 through 19). These resistance effects are of
interest because they are power-dissipating factors. Figure 5 is

an equivalent circuit diagram of a solar cell.

Figure 5. Equivdlent circuit of solar cell.

Usually in figure 5, the resistances R; and R; are neglected, where
Ry is a lumped value for the semiconductor front layer resistance.

In figure 5, Ry is the series resistance of the metal contacts and

Rgy, is the shunt resistance caused by various leakage paths.
Neglecting R; and Ry, the current-voltage relationship for this

model can be expressed as

I I~ (Ip+ Igy) o
where I; is the illuminated current, Ip 1is the diode current
given by

Ip = I, [eqvj/” - 1] - (2)
Iz, 1is the shunt current given by

Igh = % (3

13




and Vj is the junction voltage
V. =V + IR
j 5

In order to obtain a better qualitative understanding of the
GaAs solar cell behavior, we will adopt the model of the equivalent
circuit illustrated in figure o,

I
—
NMN—0
R ’
S5
VAR AV
IL Iinj Irec Ish
Y
O

Figure 6. Another equivalent circuit of a solar cell.

In figure 6, the currents are defined as follows:

The recombination current Irec:

sinh\2KT

qV.,
TAN, WKT i

where

. 2e(vo - Vj) (Na + Nd>

4 NaNg
V. = Elln ﬁgﬁg
0 q N2

1

3 3/2 - resx
N2 = 4("5) ’I‘B(M*I»I*> /2, - Bg/KT

()

(5)

(6)

(7)

(8)

14
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v

Eg = 1.522 - 5,8(10"")T%/(T + 300),

The injection current Iinj is defined as:

vi
I = [(1 -a)l + ol ] e KT
inj 7 7o,pn 0,sk

where Io,pn is the coefficient for a Pn diode model, Io,sk is the
coefficient for a Schottky barrier diode model, and & is the fraction
of material having Schottky characteristics (a = 0 for a Pn material
and a = 1 for Schottky material). It is assumed that o = a0(10'9)

where 0 < o < 108, and a, represents the number of defects per em?,

For the Pn diode model

Iy, on = AlG(x1,y1,71) + G(x2,¥2,22)]

where

G(g,n,T) = E[Si"h(n) + _cosh(n) ]
tsinh(n) + cosh (n)

Dyn \ .
X, = qL N Xy = quni/Lde

na
¥y = Xj/Ln y» [H - (D + xj + W) /LP }
zy =S L /D Zp = spr/op )

For the Schottky diode model:

Iy sk = AAérzexp(~¢bn/KT)
where
Ar = effective Richardson constant = 4.4 A/(cm2°K2),
T = temperature (°K), ¢bn = barrier height = 0.89(eV), and
A = solar cell area = 1 cm”,

" In the above models for the injection current, the diffusion

lengths D). Dp are related to the mobilities by the Einstein

relations
D, = “nKT‘}
Dp = uphT

(9)

(10)

(11)

(12)

(13)

(14)

(15)

15




wvhere the mobilities, diffusion lengths, and lifetimes are temperature
dependent and are given by

3
(T z'g)
“p"bo(T) v My (T

1

~jw

m;

N T\Z | . (,’.F..)
Lp " po( ) p by = Ly (16)
= L2/ = L2
Tp Lp/Dp, Th Ln/Dn
It can be seen that the current-voltage relation for figure 6

can be expressed in the form

=1 - Tark (7)
where I = solar cell current, IL = illuminated current, and Idark
is the dark current .,hich is a function of the junction vultage
Vj =V + IRS. The dark current can be expressed in the functional
form

Idark = f(V + IRs) (18)
where Rs is the series resistance, f 1is a function satisfying £(0) =
and f(x) is monotone increasing, and V = solar cell voltage. The
function f(Vj) can be expressed

f(vj) - Iinj * Ireg ¥ Ish

Ge) | v
" s /e K LIT 1
= I [eQVJ/}\’I ) 1] P 1 sinh\2KT/ | RJ (19)
° Vo - Vj sh

where IO,I1 are coefficients obtained from equations (10) and (5)

respectively.

Equation (17) is a nonlinear current-voltage relation which can be
solved using a computer. Various parameter studies were performed
using the model given by equation (17). Some of the results of the
parameter study are illustrated in figures 7 through 18. The various
parameters occurring in the model were assigned the nominal values
depicted in table 2, Figure 7 illustrates the effect of varying

the shunt resistance R Note that the open-circuit voltage decreases

sh’
and the '"knee" of the current-voltage curve is greatly decreased.
Figure 8 illustrates the effect of varying the series resistance RS.
These curves show that the open-circuit voltage is not affected by such

changes but that the short-circuit current is affected for large values

16




Table 2, Nominal values used in parameter study.

T = T =300 °K D= 0,4 (107%) cm

A, = 4.4 A/ (cm2°K?) X; = 1.0 (10%) cm
by = 0-89 €V Sp = 1.0 (108) cm/sec
N, = 5.0 1018y em3 s, = 1.0 (10%) cm/sec
Ny = 6.0 (1017) cm™3 H = 250 (10"%) cm

A= 1.0 cm? I, = 30 mA

e = (10.9)(8.85) (107 1%) F/cm R, = 1.0 @

Hoo = 2700 cm?/volt-sec Ry}, = 107 @

Mo = 150 em?/velt-sec a=0

Loo = 3.5 (10™%) cm

17
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of the series resistance., Figure 9 illustrates the effect of temperature
changes on the Pn junction current-voltage curves. Figures 10 to 13
illustrate the effect of introducing Schottky type defects into the
operation of the GaAs solar cell. These curves are for an upper and
lower barrier limit of dp, = 0.89 and Spn = 0.75 eV. Note the decrease
in the open-circuit voltage as the number of defects increases. In

this study it was assumed that one defect was 10°8 cm? in surface

area, and hence 10% is the maximum number of defects allowed. Note

also the shift of the dark current curves as the solar cell changes from
a Pn  junction mode of operation to a Schottky barrier mode of opera-
tion,

Equation (17) for the current-voltage relation is a nonlinear
equation of the form

I =1, - f(V+ IRS) (20)
where f(x) is given by equation (19), The short-circuit current
Isc occurs when V = 0, sand hence satisfies

Ige = It = £(Ig¢ Bg) (21)
The open-circuit voltage Voc occurs when I = 0, and hence satisfies

I = £(Vye) (22)

The illumination method for determining the dark current consists
of changing the illumination I, which in turn causes changes in the
I;c and V. values. A plot of the I, vs. V . values obtained in
this manner is called the dark current curve of the solar cell,
Substituting equation (22) into equation (21), we can see that the dark

current curve values obtained by this method must satisfy the relation
Ise = £(Voe) - £(Tg¢ Rg) (23)

The dark current-voltage curves are obtained by setting IL =0

in equation (20) and changing the sign. Alternatively, one can write
equation (18) in the form

I=£f(V+ IRg) (24)

which represents the '"true'" dark current-voltage relation.
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Figure 10.
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In order to see how equations (24) and (23) are related, we can
expand equation (24) in a Taylor's series about IRs = 0 to obtain

I = £(V) + £' (VIR +f"(V)(£g?)2 . (25)

For IRg positive and much less than one, we can write
IR << 1 and £(IR ) =0
s s
Hence, equations (23) and (24) simplify to the same form of
I = £(V) (20)

For large values of the current (high illumination), the product
of IscRs is no longer small and the current voltage relation obtained
from equation (23) is no longer representative of the dark current,
However, the relation determined by equation (23) can be used to
estimate the series resistance RS. For large values of the illumination,
the open-circuit voltage (voc) and the short circuit current (Isc)
values will increase; for large values of the product IscRs the
exponential term in equation (19) will dominate, and we may write

equation (23) in the form

Voc gIscRs
I =1 e 1 o KT
s¢ 0 )
which can be expressed as -qucRs
- = .l<—1:. .ln .Iig. KT 9
voc IscRs q L+ IO © (27)

Now for large values of the product IscRs the right-hand side of

equation (27) will be zero and we have

voc
- 0]
RS = 7~ (28)
scC
where V_ ,I are large.
oc’ sc

The effect of series resistance on the dark current voltage curves
is illustrated in the figure l4. This resistance effect is charac-
terized by a sharp bending of the curve to the right (illuminated dark-
current method used.to obtain data). Note that for large voltages the
series resistance is the voltage divided by the current. Hence,
the dark current data appears to be an impractical method for estimating

small series resistance effects. However, large series resistance

26
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effects, RS > 502, can be estimated from these bending limits,

For small values of the voltage and for small values of the

qv/2KT

. product IRs, the exponential term will dominate in equation

(23) and we can write the approximate relation
qv/2KT . Y

: T=¢ e - (29)
EE where B = IIAJV; is obtained from equation (19). Let (I},V]),
| (I;,V;) denote two values of the dark current voltage jobtained from
the dark current curve for two different low voltages. Then equation %
| (29) implies that
Rsh = o1 (30)

| where f = exp[éigééygl]. The approximate relation (30) can be applied

| to the theoretic;l data of figure 14 to estimate the shunt resistance
effects. The shunt resistance is characterized by a bending of the

x dark-current voltage curve to the left. Along this left branch the

} _ relation (30) can be utilized to approximate the shunt resistance.

Figures 15 and 16 illustrate the effect of a doping density change
on the dark current and illuminated current-voltage relationships.
Figures 17 and 18 illustrate the effect of Schottky defects on the
dark current voltage and illuminated current voltage curves. Both
of these parameter changes produce a similar type of current voltuge
change. The Schottky type defect change produces a larger reduction in
the open-circuit voltage. This type of behavior, illustrated in figures
15 through 16, has been observed in solar cells that have been exposed

to high temperatures over a long period of time. Additional testing

should be performed on these cells to determine if the reduction in
the open-circuit voltage is due to this Schottky type defect, reduction
in the doping density, or to a combination of these events.
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Figure 15.
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A MODEL FOR THE CHEMICAL KINETICS OF ANNEALING %

The following is a simple model for the annealing mechanism of

GaAs solar cells. Here it is assumed that the radiation damage |
F consists mainly of gallium vacancies VGa’ and gallium interst%tials

Gai. (Chemical kinetics of the annealing process have been studied in refs,
20 to 25.) kFe postulate the following reaction kinetics:

GaGa@ vGa + Gai
. k3
J -+
| lea ¥y Vea * 1y
] k5
-
"
| "vGa f(hs (vGa)2
]
, (31)
| G +V %7 (V. )r + G
? 2Ga Ga kg ' Ga’? 34
? e
| v 5 v
P
I6a * Vea &y Vead2 * s
K11
e
Ii * Ga TE.IZ VGGII.
We let
Y, = [GaGa] = concentration of Ga atoms on Ga sites (cm 3),
Yo = [vGa] = concentration of Ga vacancies (cm 3),
Yy = [Gai] = concentration of Ga interstitials (em 3),
: Yy, = [IGa] = concentration of impurities on Ga sites (cm J),
¥
3 Ys = [Ii] = concentration of impurity interstitials (em 3),
§ -
é Yg = [(VGa)z] = concentration of divacancies (cm” 3),
f Y7 = [VGaII] = concentration of vacancies bound to impurities (em™3),

i and the chemical kinetics associated with the above reaction equations

can be expressed:
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a §
TE- = -k + Kavays - ki, + Keyveys |
d
3%1 = kiy1 - kavays * kayw - kuyays - 2ksya? ¢ 2kgyg - Koyyys

+ keyeys - kayayy * Ko yeys + kiays - kyivays
d
3%1 = Kiy1 = kayays + Koyiys - Keyeys
) . ,
g%i = -Kayy *+ Kuyays - Ko¥ayy + Kyo¥sys (52) %
d
T2 = kayu = Kuyays + Keyay, - kioysys - kiiyays + kiays
%%ﬁ = ksy% - ke¥s  kayiys - kgyays + koyayy - kK10YsYe
dy~

t = kiiyays - kpoyy

[o¥

Associated with the above equations are the mass balancing relations
d
T+ y3) =0
d = 0
TEu + ys +y7) =

d
T3 *¥s - y2 - 2y5) = 0

If we assume the initial conditions Yio = Ng and yug = NA’ then

Y20 = Y30 = ¥50 = Y60 = Y70 = 0 and the above mass balancing relations
imply

Y1+ Y3 .
Yo + Y5 + Y7 = Ny (33)
Y3 + Y5 = Yo + 2yg

In the above equations it is assumed that

ky = ¢oy = [2.5(107)](10722)
kg = $03
ks = éagy/N
7 = éay/ .
kg = ¢09/Ng

34
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are radiation-dependent reaction coefficients., The remaining reaction
coefficients are assumed to be temperature dependent and can be expressed

{S _ in terms of the Arrhenius expressions:

ky = %Z vy exp(~Ep/KT)

ki = = Vi exp(-Eu/KT)
L
ke = vg eXP(*Eﬁ/KT)
ks = (6.0) (kg)exp(+1.15/KT)
kg = vg exp(~Eg/KT)

kyg = vyo exp(-Eyo/KT)

1
ki) = ﬁ; vii exp(~E1)/KT)

k12 = vi2 exp(-Ey»/KT)

At equilibrium, the mass balance relations (33, must hold. In addition,
we may choose any four independent equations from equations (32). We
then obtain the following system of equilibrium equations:

n

yi+ys =N,

Yy * ys * ¥7 = Ny

ya * y5 - Y2 =~ 2yg =0

-kiy1 + kayays - koyiya + Kgygys = 0

ksy2? - kgys + kyy1ya - keysye + Koyayy - kioys¥e= 0
-Kayy + kyyays = Koyayu + Kigygys = 0

kiiyays - kigoyy = 0

Solving this system of nonlinear equations for various values of

temperature gives the results presented in table 3.
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Table 3. Results from equilibrium equations,
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Table 3. (continued).
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Table 3. (continued).
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YEe 1, Q000NE+L13 V7=
YiZ= 1, Q9RRE+12

1,221 33000NE>12
2. 0IBIRBIRE+L?

3
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;
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Table 3. (concluded). ()()[ fj,l
{ By
(“({‘1 [G[&I‘ Is‘
- ]3‘

YERCD 1 3 om A, MR IAS31E NN YEm{aVGa 2w R, PIT22GVOMERDY
YUsCVZalile 1, 5230 2ELDY
TEMP® &, SODQVE+NE Mae S, 00000E+ 1 Nle 2, 220008 «22
Yiefaa Gale 2, 00000000€+22 Yasl V Ga Je 1, 221000000E¢12
Y3elGa 1) @ 1, CZO0ODONEFL R Ydel 1 Gals 4, 999009996417
K1 ST I IR W SR L WP TR\ Ve (oVGar D e 3, PITANEQISE DT
YrelVEaly e 3, aTgS03409E0
TEMPw &, SQOO0E« N Nam 2, 000MDE+ 13 Nia 3, D200NE«2Y
VielGa gale 2, 0l0000000Ee22 VAL G Ie 1221000000812
Y3=LGa 1) = 1, 3 AI000N00E (D Yaul T Galw 2, 300000000E¢ 13
VLT 1] e L NIANIRISSE ) YEwl A VaAI2)s 3, TIRISISILECY
YPalVialtle 1, 00092501 4E«02
TEMF® 4, SODNNE«12 Ham 4, ODQODE+LR Nlw 2, 220QNE+2D
VAMCGA Gale D L LRRRaeREs 22 TRl Y Qs 1= 1, Q2 100MNEFL3
3wlGa 1) e 1 02 100MMINES L Vdml [ Gale 3, 9R3929933E+183
YSall 1 ) e 3, AT LIB3ATEE R YRl VG2 e 4, 105835 L31ESOT

PralVRAL e 2,1 R638NE+DS

Kie 2, S0000E-1% k3Qm 2, SO3BTE=(8 K3» 2, 90MM0E-1S Kdgm 2, 5033TE~13
KSn 2,02530E~1 1 ks J,32099E-00 K= I, 50387E~13 k3= T,31604E-03
Kaw 2, E387E~10 k10w 3, PR483E-04 Kite |, {2613E~37 kidw 2,80337E~13

Edw T, 20NNIE-0L Edm 7, 20000E-21 E¥s T, I0Q0DE-D1 Eda | TSOONEN0 ETe T, 20000E-OL
Edw 1, 40NQ0E+IN E3n T 20NNE~DL E1e 3, 300WME-D] Eflds T, J0000E-VY
Ve 1, 00000NE ¢ s Vds [L,00000E+L2 Wi L Q0NONE+LIL VAR |, D0Q0UE+LI Ve |, ONOO0EHID
Ve 1 00000E+LS V3w [ 0DN0RERID Vide | NR0ABECDS Vide (L 00000E12

TEMP® S, QOQDUE«HE Nas 2, 00MDE+LT Nim 2, JdQ000EeR2

Vis(Ga Ga)s 2, 212999399E+22 ¥awL W Ga 1w 1, 231000000NE+E3
YAIwLGa 1] ow {0 {00NENE+L] Tael 1 Gals {203 2EHLT
YRRl v ) o= L RIIOTIIITEHYY A LIRSS E R DI [ R T - N T

yTalVEAl ) 3L unEE31A3LECD3

EMPe S 00MNNECNE MNaw S.AMOMIESIT Nis 2, 22000E+LD

Yieoda Gals O, J1HAIIIVEL2D YauL VY Ga 1w 1 2D1D00M0NE+L]
V3R H) e L 221IIN00MEFLD Yaml [ Sal= 4, 3IRIGHEHLTD
YRe(D 1 )] om  NIASTRE LN YEelyVEardle MLRRLIAIITANENE

YU iVGalt e Q. N18014393E+93

TEMRW 5, DDOODE +ud Ham 2, 00QN0E+L3 Nlm 2, 2200WE+22

YiwCida Gade 3, 003293093E 22 aml ¥V Ga de 1L 221000000NE+13
YIMCGA 1) = 22 10NONANE+L3 Yaml [ Gals 1, 299329920E+13
RS0l 1] o [ R2054318TERN YAl YERasD)e T, Q8 9354GRTEMDS

YralValtls (L, uns300TRIE+NY

TENP= S, 00000E«0d Ham 4, 20000E+13 Mi= 2, 22000E+23

VimCGa Gale 2, 219399993E+22 YEml ¥ Ga 1o 1L 221000000E+1 3
YIn(ga t] = 1,32 {000Q00E+L3 Ydal [ Gale 3, 9R99999G53E+(3
VEaCl ¢ 3 = 3, 585%395Q000E+10) YEalVGard)e T, ATI83TESIE+QS

Yre(VGalt I 2, 00TARSTEIE+D4 s




e i e e 1
* t . )

.ok 1
ba(‘m T\:\Gd + Ga,
\ 53 V., + A
S . v 4
i bA kq AS As
K
V + I -:5 Vv I
Ga Ga kg "Ga Ga
K7
-
“
"v(}'l EB (VG{l) A
K9
.’ > )
NVAS f\:lo (VAS) )
Ku
G2 * Vo . + Ga,
()1(13 vb{l 1y cvb{1)2 (.‘ll.

Let [ ] denote "concentration of" in units of cm 3, then for
Y] = [Gan] = gallium on Ga sites
Al

ys = [VCW] = vacancies on Ga sites
e

i

Y3 [Gai] = goilium interstitials

Yy = [ASAS] = arsenic on As sites

vg = [VAS] = viacaneies on As sites

yg = [Asi} = arsenic interstitials

y7 = [qu] = impurity on Ga site

yg = [V, T. ] = vacancy-impurity complex

Ga "Ga

1

Y9 = [ LVG(l) 2]

Yio =

we have the

gallium divacancy

[(VAS)2] = arsenic divacancy

following chemical kinetics:
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g%l = -Kyy1 = kpya + kayays + Kpayoeys

dy» n
a%“ = K1y1 - Kayays - Ksyays + keys - 2kzys + 2kgyy - kyjy1yive

dys = Kyyy - kayays + Ky1yiye - Kiaygys

= -Kayy + KyYsye

d - :
a%i = Kayy - kuyysyg - 2kgyd + 2kjgyio

d
T = kayy - Kyysys
Jc- = ~Keyayz + Keyg

d
g%ﬁ = Ksyay7 - Kgys

.
<
O
i

i ° K7y% - kagya + k11y1ya - kKiayeys

d 2
EXLQ = kgys - KigY1o0

+ kiaveys

The mass balance associated with the above equations implies that

[

y1 +vys =Ny

Yy + ve = Ny

Yy + Y5+ 2y1o = N,
Y1+ Y2+ lyg+tyg=N

Y7 +¥s = Ny

where we have assumed the initial conditions y,(0)}

= NQ: )’u(o) = NQ,'

y7(0) = Na’ and all other yi(O) = 0. This produces the equilibrium

equations:




it
P4

Y+ Vs ¢

n
z

Yy + Yg [
Yy + ¥a2 ¢+ 2y9 +yg = Nm

yi + s+ 1o = N

U
z

Y * Y3 a

-k1yy - kpyiyz + Koyays + Kioyayg = 0

-k7y2® + Kgyg - Kp1y1ya * Kiaysyg =
-Kgyy + Kuysyg = 0
-kays® + kyoy1o = 0
-kgyay7 + kgyg = 0

with the reaction coefficients given by:
ky = 0p § = (10722) 2,5(107) ] sec”!

ko = gpvp exp(-Eo/XT) cm3sec™!

kg = o3d sec”!

=
=
[t

ayvy exp(-Ey/KT) cm3sec !
ks = o5vs exp(-E5/KT) cmIsec™!
kg = ogve exp(-Eg/DT) sec™!
k7 = 9707 exp (-E7/KT) cm3sec™!
kg = ogvg exp (-Eg/KT) sec™!

ogvg exp(-Eq/KT) cm3sec™!

=
0
i

k1o =010v10 eXp(-Ey1o/KT) sec!

0




Kip = 9119 exp(~Ey/KT) emisec™!
Ki2 = 0)av2 exp(-Epa/KT) emisec™?

The results of a parametric study of the equilibrium equations are

given in table 4, and a graph of results is illustrated in figure 19,

e
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Table 4.

Results of a parametric study of the equilibrium equations.

Ki=
KS=
ko=

E2wm
Eg»
Yam
V3s

2 SNODQE=-1Y klw |, 3VI20E~2T - "2 2, 0000 YE~1T Kdw |,39130E-29
L. 39130628 Kam B, 4003LE-23 KT [, 39430E-2% K= 5, LOJOSE~L?
1oF3130E=-2% kidm 2,045 1E=12 Ki' ¢t 1, 12¥ 3E~37 Kidw (,39130E~2%

TLo2000E~01 Ed4m T, 20000E-01 ETe P, 20000E~0] Ed= 1, TSOODE+DY ETe 7, 2VONE~-DL
1o 40QBNE ) E9w T, 20000E=-31 ELOw 33,3000 =01 E12w 7, 20000E -0
1,O0000E+LL Vdm 1, 00DUBE+I2 Vs |,00D00E-12 Vim [, 00000E+13 VPe {,00000E+12
LoD0RELLE V9m 1, Q0Q00E+1I2 VIOw 1, 0903%E+0T Yiam |, O0000E+12

TEMP=s 7, SOODDE+NT Nas 2, J0000E+1D Nis 2,22000E+22

Via(3a Sa)m 2, 1R9TI36NEIR YRl W Ga )e [, ATH84052%E1Y

VIs{Ba 5w JLNI2STLISVESLT? el A3 Rale 2, 21997IVEPEL22

YSalY A, & | aER30143E+1S ¥Yisl A3 1 )= 2,TIL105I00E+LT (wr?

‘Pl G- 1 3,TOSTESHBE+Dd Y3s{Vialgals 2,000000000E«47 v

YPRECVG.  w 2.5TRTISTE4ESLD Y10mCCYR3I2)m 1, 332403043E 417 D,
'f§ W

TEMP= 2,S00ONE~HD Has S, 00XMME+LT Nla 2, I2000E+28 5] -

TimCiaa Gale 2, 210949338 RE+22 Y3ul V Ga Js 7P, 915378453E+1 4 w3

Yis(oa {) » S, 014135218E+17 Y4®( Hs Rale 2, 219972089E+22 HEAA

VEaCY A3l w 1,0 GEB0143E418 VEmL RS { Jm 2,731106100E+17 A
YTRCL Gal = 2,-51102003E+08 ()

Y=

Y3uiYZalGals S,000000000E+17 -

IWRIe 3, ETS3S883VPESIR YIQuC VASIR)w 1, 33B40P043E+17 \Eékiﬁ

TEMP® 2, S00LIE~NT Has 2,90000E+1:3 Nis 2,2290QE+22

Yis(Ga dals 2,,19500022E+22

Yas( ¥V Ga ) 1, 993854063€E+ 14

YI®Cida i) & {,wanTE9I03E+13 Yisl A3 Azle I, A1P3TI08PELDD
TE=N Ra) ® 1 4235001 43E+18 Yoml Rs | 1= 2,731L106LI00E+LT

YPall Gal = 3,0923STS54E+0S
YAmCCVEAI2Tm 1, ARPPH4990E+1D

YSe{VEAlIGala I, Q000D0DY0E+]3
YIOu((VRAsI2)m |, 333403043E+L7

TEMPs I, SUQQE+E Nam 4,00000E+13 Nle 2,22000E+32

YimliZa dals &, 2088299836 +2R
YEa{Ga 1) & 4, 00R3TO42TESLS

Y2ul WV Ga Ja 3,851 S2B44EH 13
Y4m{ Rs Rals 2,21997203%E+22

YS=lY M3l = 1, 428830143E+19 Y6s( A3 i 1= 2,7311{061Q0E+1T

YPall 3a) = {,S574317S8E+)Y
rEiVGad2)e 2, 433322 I0NE+DD

Ki=
KSs=
K=

El=
Ede
Yiw
Vi3a

Y3a{VoialGals 4,000000000E+18
Y1QmC (VR 2= 1, 3853409043E+17

2,5000E=-15 k2= 3,5488B8E-33 K3 2,T0NQVE-1S kd= 3,84588€-23
3, 54683€E-211 k6w 4, OTPISE~LT KTs 3,648383E-23 KS= 3,07P330€-13
3.54833E-20 M1vvm §, ISTQVE~-I Kils 1, 126813€-37 KiQw 3,64833E-23

T.2ONNBE-R1 Ed4m 7, 200NQE-DL E%= T,IN0Q0E-DL ES= |, THIOREDD ET= T, JONYOE-DL
1. 40DRNE+N S L 2UDNVE-YL E10w 3, 3000NE-01 Ela= T, II002E-01
1. 0000NE+ Via {,D0000E+12 YSw |, Q00QRE+IT VS [, DI0ODE+L3 V7= 1,00000E«12
1. DDELL2 V5 1, 00000E+12 Yidw |, DDIBE+DT Vids |, 00000E+12

TEMP= 3, INANQAE+NI Mas 2,000D0E+LT Nle 2,22000E+22

rim(Ga Gals 2,219979930E+22 Y2ul ¥ Ga Je T,50523437SE+ID
Y3mlGa 11 = 2,000988503E+LT Wéel A3 Rals 2, 2199IR4TIEHAT
Y=Y A3) & Z,3I29ANE3LE+LY veal As 1 la §,I23433000E+1 S
YPell Gal = J,940284333E+10 Y3nfWGalGals 1. 339999706E+1T
YRal YGaodle 3, NEIN3SI4NE+DS Y19aC (YRS I2)I= 2, 4650386300E+1T

TEMP® 3,D0000E+N2 Nas S, 00NQNE+IT M= 2,22000E+22

Yia{Ga Sals 2,219942932E-22 vaml YV Ga lm 3,039492188€E+12
vis(Ga i) ® S,0NETTESSSESLT v43f A3 RAsla 3, 219999473E+22

VEaCY R3] = Z,0135Q053(E+14

Ye={ A3 { = §,2L3433Q00E+1T

YTuCl Ga) = 1,333231478E+1 YRu(YGalGals 4,.93999315{E+17

PRl YEaddla L ESSIAT03TET

V10w ((YRSI2Ie &, 455085300E+1 S

(continued)
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b Table 4, (continued).

r TEMP= 3,00000E+12 Has 2,00000E+13 Niw 2,22000€+22
Yie(Ga Gals &, 219799913€+22 Y2ul Y Ga I ?,80%23437%E+11L
Y3a(Ga 1) s 2,0008T403PE+19 Y4ul A3 Rsls 2,219799473E+22
YSulY As) @ 2,913500531E+ 4 vEml A3 | Im 5.223433000E+18
YTl Ga) w2, 340280499612 Y3ulyializale 1,999397050E+13

YI=LVGAIE)m 2, 0909TE8B43E+DS ViOw{(YR2I21m 2, 485DBK300E+LS

TEMP® 3,Q03DNE+NT Mas 4 ONBYE+L13 Nis 2,22000E+22

| TinCGa Gale 2.I19939917E+22 v2mC V Ga 1% 3,302383134€+11 ;
PIMCGA 11 = 40010311 IBIESL3 taal Rs Asle I, 213939478E+22 ,
YS2LY R3] w 2,913%00591E+14 TSRl A3 1 1m 8,223438000€+18
Y7ECl Ga) @ 4, (TEQI4BSIESLY YBmlViEalGale 3,393933240E+18

PIRLCVGAI2]E 2, TRIESIIIVE+DT Y19={(YR3I2Ie 2,455D3830DE+1S

Kim 2,90000E=15 K2= 1,2457%E«21 K3n 2,50000E-1T Kis 1,5487%E~21
KS= 1,34675E-21 Kim S5, 44023€E~13 K= |, 948P%E~-21 K3 7,03273€-973
K3m 1, 3487PSE=-21 Kiom {,2303BE=A7 Kils 1, 13813E=-37 Kil= |, 34878E-21

2% 7,20000E-Q] Eds T,2009RE-D1 ES= 7, 20NQNE~D! Es |, TSONGEHIN E7= 7, ZOUUNE-DL
Ed=s |, 402D0QE+D0 E£3=s 7, 20000E-01 Eids 3, 39000E-9L Ell= 7,20000E-91
Y2s 1, DDORAE+LD Ydm {,DDDNDE+L2 YSe 1, ODQN0E+L2 VEs 1. ADIDVEL3 YPa 1, ONNONE+ID
Y33 1. 09000E+LN ¥I3 L, OO000E+LL Viox |, 09993E+05 Vils {,00000€412

TEMP= 3, SQ0B0E«NT Ha= Z2,00000E+17 Nl 2,22009€+22
Yis{ia Sals 2, 213379379E+22 ’ Y=oy Ga 1= |, 42332187SELL

TR T e T T T TS ——

Yim(Ga 1] = 2,0021323033€+47
YS=a(V A3l = 3,T12279993E+173
YP=(l Ga) » 4,5392%7357E+14
TIBCVGAdITm |, 141 252422E+AN

Y4s{ A3 Rals 2,219999957E+22
Y6l As i 1= 3,272230090E+14
Y3m{Yoalnals 1, 995354143E+17
Vigm{ivRs I)s 1, 2009777 10E+14

TEMPw 3,SOQQVE+NHE Mam S, 900QQE+1T Nl= L, 22000E+22

Yis(Ga Gals 2,321 33%0288E+22
Y3mliia 11 & 4,973447335E+L?P
YS=[Y A3l = 3.TII2TIIDRE+L3
¥7=(l Gal = 2,2E53130595E+1 9
YRu{(YVZar2)= 5,R3TYPIILIE+D4

Yasl ¥ Ga Je S,73210937SE+LD
Y4=u( A3 Asl= 2,219999367E+22
Yé={ As 1 1= 3,272230000E+14
Y3wlWigaloals 4,371 303833E+17
Y10s(CYR3I2Ts 1,2203P77T10E+14

TENP= 3, SHQDQE+IE MHas 2,00090E+13 Mi= 2,22000E+22

YimCoa Gal= 2,219304350E+22
Y3u(0a 1) = |, 6829747 IELLR
You(Y R3] = B, TIIITIINIELLD
Y7ull Gal = 4,440042087E+1 8
Yos((Yi3ar2)s 1, 0ES31D0393E+02

Yasl ¥ Ga 1= | 457R9L73TE+LY
Y4s{ A3 Rsl= 2,219392357E+22
Yeul Az | 1= 3,272220099E+14
YImEYGalGul= 1, 3595395V IELLS
Yidm{CYRsI2]s 1, 2003777 10E+ 14

TENP= 3,SONQ0NE+IZ Has 4,30000E+13 Niwe 2,22000E+22

Yi=(Ga Gals 2,01¥817101E+22
Y3=(Ga 11 ® I HIDPIIDNINELLB
YSalY A3l = 2, T1227FMIEHLD
rall Gal = |, URLAS3IRSELT
YOu(YGar2ls 2, ZBCB24R43E+04

Y2sl ¥ Ga 18 7,444282595E+D9
V42l A3 Azla 2,I19999967E+22
Ye=s{ RAs 1 1= 3,ITIZI30000E+14
taalYGaltals 3,.227304151E+13
Y1Rxa(CYA3Y2]= 1, I0APTTIRE+ 1S

Ki= 2,5000RE-18 k23 3,34481E-20 K3 2, 50QD0E=1T Kd= 2,34451E-20
KS% 3,34451E~20 ksm 3,073R38E~190 KTs 3,3445{E-20 K= 2, 32399E€-96

K3s 3,34481E-20 Ki9m 3,33076E-08 Kile 1, 12613€-37 Ki3= 3.34461E-29

ES=s V,2990NE-d1 Ed= 7, 29000E-0! ET= 7, 20000E-d1 Ed= |, TYIH0E+ID EV= T, J000NE-AL
22 |, 4ANONE+DY E¥x 7,200QNE-9! Elds '3, I0GHRE-DL Ells T, 20ANQE-9}
Y2a {,90N0E+1D Wau | DUORNEHLD WSa |, QE0DODESLIQ YEs L NUDRMESLY YT 1, O0000UE+LR
YE= |, 000BRE+L2 Wi= {,J0Q0NE+LD Vids | QWDIBELDT YI2= | )INDDELL2
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Table 4.

(continued).

TENPm 4,00000E+0E Naw 2,00000E+17 Niwm 2,22000E+22

Yin{Ga 3ads 2,213991510E+22
Y3u(Ga 13 = 13,2%042250%E+15
oAty RAs) w 2,9988314388+13
Y7ell Gald = |, 156791226E+17
Yol VENIR]e 3, 522528835E+03

Y2e( V Ga 1= {,720800000E+1Y
Yéul Rs Aale 2,21999999%E+22
Yoml As § Jw 4,317400000E+13
Y8u(YGalGal)= 3,432437741E+16
Yidwl(YR3I21s 3,0073ITTISE+12

TEMPs 4,00000E+0E Nas S, O0O0QE+L? Niw 2,22000E+22

Yis(Ga Sals 3,2193923295E+22
Y3uloa i) & 1, 47EdSLLLISESLT
YSu(Y R3] = 2,w35831425E+13
vPell Gal) = 3, NIIVNIFPLIECLV
YR (VEar21m §,KdS34TITBELDR

Yeel YV Ga le 3, 79)T485378E+0Y
4wl B3 Aale 2, 219999938E+22
Yéal A3 1 )= 4, 31T740000DE+13
Y3mlvVGaloale 1, 45800142%€E+7
Yi0m{KYRB21m I, NP IIBSIBELLR

TEMP= 4,DOBRNE+VS Nas 2,00009E+13 Nis 2,200900E+22

Yis(Ga Zals 2,319987941E+22
?3wlGa 1] = 3,J0N3SI2TRELL?
YSulY A3) = 2,995831436E+¢(2
YPel{l Sa) = 1,573550330E+13
YoullVGa)2ls 2, 937SS013SE+D!

YR2al ¥ Ga 1= 4,902371094E€4+07
Yé4a({ Az Asls 2,2199999385E+22
Yoal A3 1 1= 4,317400000€+13
Y3mlYIalaals 3. 204396206417
Y19wL (VR3O s 3. DOT73IITC4BE+1L

TEMP® 4,Q0D0VE+NE Maw 4,D000NE+13 Nis 2,22000E+22

YieCoa Galw 2,219953351E+22
Y3mlGa 11 w 4,5438943023E+47
YSaly Rl » 2,996891428E+13
T=ll Sal = 3,53457S630E+13
Wam{lVGar2lm 2. NTIVILILIZELDL

Y2l Y Ga 1w 3,197733203E+09
Ydm{ Az Bale 2,219999393E+422
Yal A3 i 1= 4,317400000E+13
Y8m{VGallals 4,554243202E+17
YiOwL(YRsI21m 3,D0TIITB46E+12

Kis 2,%3000E-1% Ki= 3,91233E~13 K3ms 2,50000E~15 Kid= 3,31238€-17?
KSas 3,31233E=-1% Kém 2,88227E-07 K?= 3,91283E~19 K3m 2,118{2E-04
K9= 3,31298E=-1% Kidw $,55033E-0% Kils 1,12613€E~37 Kid= 3,910838E~19

E2% 7.20000E-D1 Ed4s 7,20090E~D1 ESe 7?,20000E~-01 EAm 1,7TODVE+DY EP= 7.20900E-~01

Edm 1,40000E+DH E9s 7,20009E-1 ElN= 3,30)00E-A! E1l= ?,20000E-91

Yam {,QNOQRE+LI Vida {,000DRE+12 vSs 1,.DDIRNE+LD Y= 1, DN0ANE+L3 VP= |, INDB0E+LZ

Y33 {,DOVOBE+FLD VPw {,HD00NESLZ ViD= L. 0FB3E+DS Y12w 1, 00000E+IR

TEMP= 4,S3900E+01 Nam 2,00000E+L7 Nis 2,22000E+22

Yis(iaa 2al= 2,213999323E+22
Y38(Ga 11 » £,78B%d4B44E+LS
*8alY Ral = 1, 101SP3SIPELLD
Y7ell Gal = §,2377S34T7ESLIT
¥Imf{YGar2la 5, N042084D4E+04

TEMP= 4,SODURE+NT Na= $,90000E+17? Mim

Yinl{Ga 3alm 2,219993945E+22
Y38(Ga i) = 1. 0%2373T42E+18
YS=CY A3l = 1, 101STRISPELLD
YPull 23] = 4, BHERLTEI4E+LT
YRmlCVgad2ls 1, 534337 331E+94

Y2e( ¥ Ga 1= 2,09%12%000E+10
Y4al A Fil= 2.219999999E+422
Yoal Ra + & ([ 287BD0QQNE+L3
W3m{YGalGaiz B, I24102TI3E+1S
Yidm((YRB 21m 3, 839383858E+11

2,22090E+L2

Y2=l ¥ Ga I= 1,34%9375000E+10
Ydml A3 Aslm 2,219339939€+22
Y62l A3 { 1= 1,28T500NIRE+L3
Y3alYGaliiale 1.9198323362E+16
Yi0={(YA3I2Im 3, 933330U55E+11

TEMP= 4.SOQ00E+NZ Nam 2,00000E+13 Nis 2,22000E+22

YialGa Gals 2,21999734SE+22
Yisliga 11 = 2,153301210E+15
YSalY A3l = |, 10ISTES37EXL3
PPwl] Sal w { AUIOSSATIE+LS
Yaml(Yizad2ls 2,093 17A7EEE+D3

YRm{ ¥ Ga )= £.992312F00E+09
Y4={ A3 RAsl= 2.219933933€+22
Y6sl As | 1= |,2B3TEN0QQ0E+13
YB3x{VGaltals 2.2743768THE+L6
YiQm{ YAz 12]m 3,52333558SE+11
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g2 T, 2000VE=-)! Edm T, ID0QVE-| ETe

Ty ADNONE~DL Exde |, TINNOELIN ETVe
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Y¥3u 1 QDNONE+LE WIe |, DOVOVESIS YiDw 1,03093E4. % Y12 |, A00O0E+12
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Y3miGga (1 = 4,8u3843004E 14
YERLY A3) ® 4, 5U042093%E+12
VPell Sal = |, 0593365 106E#1T
POWLIYERIZIA B, LISEIIITESDY

Yas( ¥ aa )= 4, TITI00NI0ES1D
7du( Rs Rala 2,220000000€+22
Yeel As 1 I3 4,334000000E+12
YymlvaalGale 1,011339332E+13
Y1QwlCYR3)2Is 1, 031857728E+1 L

T 2DNNOE-AY

TEMPe 5,30000E~00 Ham S, 0000DE+17 His 2,32009E+22
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