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SYMBOLS AND UNITS OF MEASUREMENTS

generation rate [photons/cm3 s]

incident photons [cm=2 s-1]

reflection coefficient (dimensionless)

absorption coefficient [cm-1]

width of depletion region [cm]

depth of planar cell [cm]

H-(zj+w) depth paraneter [cm]

junction depths [cm]

density of holes in n-region [cm-3]

density of electrons in p-region [cm-3]

diffusion coefficient of holes, electrons [cm?/s]
lifetimes of holes, electrons [s]

surface recombination velocity of holes, electrons {cm s-1]
current density for ho1;s, electrons [Amp cm~2]
diffusion lengths of holes, electrons (L2=Dt) [cm]

photocurrent density from depletion region [Amp cm-2]

“short circuit current density [Amp cm-2]

injection current density [Amp cm-2]
recombination current density [Amp cin-2]
charge of electron [coulomb]

doping densities for acceptors, donors [cm-3]
intrinsic carrier density [cm-3]

voltage [volts]

built in voltage [volts]

Boltzmann's constant [ev/deg K]

iv




J total current density [Amp cimn-2]

Jg | dark current density [Amp cm-2}
R¢ series resistance [ohms]
<h shunt resistance [ohms]
n. depth parameter [cm]
x,y' coordinates for photoconverter reference [cm]
B width of vertical junction cell [cm]
A depth of vertical junction cell [cm]
Xp, Xn .coordinates defining space charge region [cm]
ISC total short circuit current [Amp]
Ip, In ~hole, electron currenf [ Amp]
W, power density of laser fwatts cm-2]-
Pin’ Pout input, output power [watts]
Eff - efficiency [%]
a half width in x direction [cm]
) half width in y directién Lcm)
§(xg-x) Dirac delta function
5y, G, Green's function
u eigenfuﬁctions
Sos S surface recombination velocities [cm s-1]
Um’ Vm; U;, V; Eigenfunctions



SUMMARY OF MATHEMATICAL MODELS FUR A CONVENTIONAL
AND VERTICAL JUNCTION PHOTOCONVERTER

By
John H. Heinbockel*

1. ONE-DIMENSIONAL CONVENTIONAL. PHOTOCONVERTER

The first model considered is for a one-dimensional analysis of a con-
ventional photoconverter as described in References 1, 2. The geometry for
this conventional n/p photoconverter is illustrated in Figure 1. We assume

a generation rate

g(x) = ¢o (1-Re) @ exp (-aX) : (1.1)

and solve for the minority carriers in the n-region. These minority car-

riers must satisfy the diffusion equation

dz. {Pa = Ppo)
— pPp-P - = QX 1.2
Op ==, (Pn™ Pno) - 9(x) (1.2)
p
subject to the boundary conditions
b Y -p )y=s (P -P )at x=0 (1.3)
P gy no p ''n no
and
P -P =90 at X =X (1.4)
n Np J

The solutions of the equations (1.2) (1.3) (1.4) gives the photocurrent

density at the junction edge.

d
J. = -q0_ —
P dx

b (P, -P at X=X; (1.5)

n no) j

*Professor, Department of Mathematical Sciences, 0l1d Dominion Unﬁversity,
Norfolk, Virginia 23508.
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which evaluates to

qeo (1-Re) @ Lp

(fl/fz - oL Exp (-aX:)
p GZL 2_1 p J
p
where
S L S L
N f, = PP +alL -exp (—aXJ.) f .B.ﬂ, 1,
DP DP
. Spr
f, = f(1, L, X./L)
D J P
p
and

f(a, b, ¢c) = a cosh (c) + bsinh(c)

) (1.6)
J (1.7)
Dp
(1.8)
(1.9)

The diffusion equation for minority carriers in the p-region is given

by

n -n
p ¥ n (L_PO_

P gz P PO

with boundary conditions

d

-0, — (n_.-n_)=S (n.-n_) at X=H.

dx P po

This produces the photocurrent density

(1.10)

(1.11)

(1.12)




Jn =qD. —(n.-n_) at X=Xj+m

which evaluates as

_ @ (1Rg)al,

3, 2 exp (-a(Xj*w)) [aly - f3/fy]
n
where
Satn Satn H-X ,-w
f3 [aLn - ] exp [-a(H-X--w)] + f ( ’ 1’ )
Dn Dn Ln
S L H-XJ-m
f, = f(1, ,
v = A =]
n n

where f is defined by equation (1.9).

The photocurrent from the depletion region is given by

Jdr = q¢y (1-Re) e J [1-e ]
and the total current due to the 1ight source is

J_. = Jp + Jn +J

sC dr

For the dark currents we have the injection current Jinj and the

recombination current Jrec which are given by

(1.13)

(1.14)

(1.15)

(1.16)

(1.17)

(1.18)



‘with

and

- qv
Jinj = J, [exp (ETJ -1) (1.19)

D n.2 SL X. SL X,
Jp = o f2P,1, ) S, BB,
LN D L D L
p d p p p p
g0 n.j? S L H-X . -w. S Ln _
0 e MM g, 3 ), AN HeX-e) (L.20)
L N D L D J
n a n n

mqn.w sinh (i_!) ,
Jree = KT ' (1.21)

The dark current is J. =J, . + Jrec and the total current is J =

JSC— J

The effect of a series resistance RS and shunt resistance RS

D inj

h can be -

included in the model by considering the equivalent circuit diagram of

Figure 2.

Nominal values for the conventional solar cell parameters are given in

the computer program "conven" Tisted in the Appendix A. In this computer

program the absorption coefficient as a function of energy is obtained from

interpolation of numerical input data. Empirical formulas approximating

lifetimes, mobilities, intrinsic carrier density and bandgap energy as

functions of temperature are included in the program.
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2. ONE-DIMENSION VERTICAL JUNCTION PHOTOCONVERTER MODEL
The geometry for the verticaj Jjunction ﬁhotoconverter is illustrated in
Figure 3. We consider a narrow strip at a depth n below the surface y = A.
Following References 3, 4, we treat this strip as a conventional photo-
converter and then sum the results over all n, 0 < n < A.

In the n-region we have the diffusion equation

2 (p P )
) ESE'(P" e ) - L0 - g(Ay), (2.1)
X Tp

D

subject to the boundary conditions:
PP =0 at X=Xj+X (2.2)

=S (P -P

p = (PaPng) =5 CpPpg)  at X =8 (2.3)

From this equation we obtain the current density at'XJ.+Xn given by

J =g0bD _E.(P

- p = (PaPng) at X=XyH, (2.4)

which simplifies to

: [S -f (S, D /L, (B=X,~X_ )/t )]

P P
f(Dp/Lps Spa (B=X5-Xp)/L5)

(2.5)

In the p-region we have the diffusion equation
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d2 ‘
D, vl (np-npo) - (np-npo)/rn = -g(A-y) (2.6)

which is subject to the boundary conditions:

d .
D, E.)_-(.(np-npo) =S, (np-npo) at X=0 (2.8)

This produces the current density at XJ,-Xp given by

d . : A
J, = -a D, ™ (np-npo) at X—XJ--Xp (2.9)
which simplifies to
S -F(S., DL, (XX )/L ) :
3= -9(A-y) q [~ 2 T 0 J P T (2.10)
(0 /Lps Sps (X5X )00

The total current is obtained by integrating these current densities over
the depth of the -photoconverter. Assuming the photoconverter is'1 cm in

depth we have:

= f J (n) dn + f Jn(n) dn =1 + 1 (2-11)

The dark current is given-by I = Ip* + In* where

d



P aD_ f(l, D /LS, (B-X.-X)/L.)

Ip*= no’ p ppp J'n"""p [qu/kT-l]A (2.12)
Lp f(Dp/LpSp, 1, (B-Xj-Xn)/Lp)
n qb - f(1, D/L. S, (X.-X_)/L.))

1 * = po ' n n""n'n jp' " n [qu/kT-l]A (2.13)
Ly f(Dn/LnSn, 1,'(Xj-Xp)/Ln)

Using P, =B Wo (1000) (watts) as the input power and Pout = Phax s the

maximun power obtained from the I-V curve, we calculate the efficiency as
Eff = 100 Pin/Pout (2.14)

Nominal values for the vertical junction photocbnverter are given in the
computer program "VJSCP" Tlisted in Appendix B. We use the same empirical
formulas approximating fhe Tifetimes, mobilities, intrinsic carrier density
and pandgap energy as a function of temperature as listed in the Appendix B.
For both computer programs listed in Appendix A and Appendix B the tempera-
ture of the photoconverter is assumed controlled by the use of a heat pipe.
The current voltage relationship is obtained from the equivalent circuit

diagram of Fiqure 2.

3. THREE-DIMENSTONAL CONVENTIONAL PHOTOCONVERTER
The geometry for the three-dimensional conventional photocohverter
model is illustrated in Figure 4. We let R = {(x,y,z)l |x|<a, |y|<b,
0<Z<Zj} denote the n-region and let Rp = {(x,y,z)‘ |x|<a, |y|<b, Zj+w<Z<H}
denote the p-region. We assume that the light impinges upon the surfaces

z=0. The equation for the diffusion of the minority carriers in the n-

10
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FIGURE 4. Geometry for three dimensional model of photoconverter



material is given by

L(Pn-P ) = v3(

2 -
no ) - (Pn-Pno)/Lp = -g(Z)/Dp, x,y,ZERn (3.1)

P -P
n no

where L{) is the linear operator v2() - ( )/Lp2 and g(x) is the generation

raté defined by (1.1). Boundary conditions for the above equation are:

0, = (Py=Pag) = Sp(PyPyg) at 270, Pa~Pno™ 0 2t 271, (3.2)
(PP ) =S(P P ) at X= p 2
0, 5;'( n"Pno) = S0 (Py-Pps) at X=a, P 3x (Pp=Png)=S0(Pn-Ppo)
at x=-a (3.3)
? : P ) at y=b p. 2
'Dp 3y (Pr-Pno) = So(Py-Pyg) at y=b, P 3y (Py-Prg)=S0(Py-Pyo)

at y=-b (3.4)

where we have assumed that the surface recombination velocity is. Sy on the

sides and Sp on the surface z=0.
Similarly, the equation for the diffusion of minority carriers in the
p-material is given by ‘
- =v2 (n - - (n - 2 = . '
L(np n _)=¢9 (np n_) (np n O)/Ln g(z)/Dn, x,y,zeRp (3.5)

with the boundary conditions

= = | - 3 g - = - 7= . ’
Ny = Moo = 0 at Z Zj+w 0, = (np npo) Sn(np npo) aF Z=H (3.6)

12



]
o
—
=3
L]
3
o
1l
w
—
——~
=
©
]
—~—
[- 1
2
>
"
[o}]
-
o
—
=5
©
]
=
©
o
S
1]
[Vl
-t
—
>
o
[}
>
©
o
~—

o )
-Dn‘gy‘(np'npo) = Sl(np-"po) at y=b, D, 5;.(np-npo)=51(np-npo)

at y=-b (3.8)

where S, S, are respectively the surface recombination velocities of the

n
sides and bottom surface z=H.

The solution to the equations (3.1) and (3.5) which satisfy the
corresponding boundary conditions is given in terms of Green's functions
Gy (X,¥,2;5 Xg,Yg,2¢) for the region Rn and G,{x,y,2; Xq,¥02¢) for the region
R .

p
The Lagrange identity associated with the linear operator L() is

uL(v) =-VL(u) = Uv2V - yv2y, (3.9)

By Green's second formula we can write

[ITyorlub(v)=VL(u)] dro = [f[ g [uv2V-V¥2u]drg = [[ (uvV-WWu)+vdoo  (3.10)

where drg is a volume element, dop is an element of surface area and v ois a
unit normal to the surface. Let V = G,(x,y,z; X4,¥5,2,) be a Green's
function and let U = Pn-Pno denote the solution to (3.1) with vol = Rn, then

the integral (3.10) can be written

13



'g(Zo)) dro =

11, pn Pro) L(G1) dro -mR Gy (
n p

ffs[(pn-pno)vel =617 (P-Poo)] e vdoo (3.11)

For L(G1) = 6{(x0-x) 6(yo-y) 6(z5-2), S = Dirac delta function, the above

gives

b ra -;¢o(l-Re) e.mZo ' -
p-p = g fb Ia 5 Gy (X,¥,25 Xg,Y¥9529) dxodygdzy (3.12)
) P

where the boundary conditions on G; are chosen such that the surface inte-
gral vanishes. The surface integral in (3.11) can be written for the region

Rn as follows:

b Z. -3(P - )
J 3G n no
I TTRPg) () 6 ()] oz
- 3 X0 3 Xp Xp=-4a
a Z, | ~3(P_-P_)
J 3G n no’;
t [P Pe) () -6 (— 2] dxodz
-a 3 Yo 3 Yo Yo=b
b Z. -3(P_-P )
3G n no _
- 3 X0 X0 Xp=4a
a Z, -3(P _-P )
o 3G n no
+f [g [(Pn-Pno) (-"‘i) -6y (——_—)] dxgdzo
-a ayo 3 Yo yo=-
a b -3(P_-P )
3G n
+ (P-P.o) (—2) -6 0 dxo dyo
-a ib [*Fn=Fno’ 3Zg 32 )]zo=0 Y

14



a b

{b [(Pn'Pno) (_a.(il_ -Gl (_.4....[1._.[].0_)] dedyO = Q

3zy 3Zq zo=Zj

i

a

The above equation gives the boundary condition for the Green's function and

we thain that G, must satisfy

326y + 32Gy + 326
IXg2  3¥e2 3zy?

- Gl/Lp2 = 8(xg-x) 8(yo-y) 6(20-2), x0,¥0>20eR, (3.14)

with boundary conditions:

\
Dp 36 = S0Gy .at xy = -a, -Dp-igl = 506, at xp=a .
Dp 3G - SoGl at y, = -b, - D a_G..l_ = SOGI at y0=b ? (3.15)
Yo 3Yo
Dp3_§L=SpGlatzo=0, 6, =0 atz = z

w
We perform a similar analysis for the region Rp and find the Green's func-

tion Gp must satisfy

2 2 2
3°G_, 3 GZi+ 36y _ Gz/Lp2 = §(xg-x) 8(yo-y) 8(zo-2), Xg5¥020eR, (3.16)
3Xg2  3Yp?2 3zp2 )

with boundary conditions

15



'Dn _— = S].GZ at Xo = 4a, Dn ﬁz_ = SIGZ at Xg = =-a
3% 3Xgq
-0, 22 =56 aty,=b, D 2% =54, aty =-b . (3.17)
Yo 3Yo ‘
-0 38 . S G, at z; =H G, =0 at z, = z.+
n g’ n-2 0 > 2 0 jw
0

<

+

and the solution for the minority carrier density in the Rp region is given

H b a pata-alo
N = f -adg (1 Re)e
P Po

G2 (x:.YsZ; XO:.YO,ZO)dXOd.yOdZO (3-18)
Zj+m_-b -a D

n

From the relations (3.12) and (3.18) we can obtain the current
densities

~

Jp = -qD

3
Paz

(Pn-Pno) at Z=Zj and Jn = qD

3 ) '
N — (n ’"po) at Z zjm (3.19)

az P

~

To find the Green's functions Gy, G, for the regions Rn and Rp we examine
the eigenfunctions and eigenvalues associated with the operator L(). We let

u=u(r) satisfy the eigenvalue problem
— + A2y =0 (3.20)

with boundary conditions

16



du d
D_+S,u=0 atrsh, D—-Su=0 at r=-h  (3.21)

dr dr

The eigenfunctions of this problem are:

u=up(r) = cos (x,r) =u (r; D, S3, h, A,) (3.22)

where 1 = An satisfies the equation

(A,h) tan (A h) = _S_lé)b_ (3.23)

We let £, Agh satisfy tan(gn) = Sgh/DiEn then En js characterized by the
intersection of the curves y = tan(g) and y = S;h/Dg (See Figure 5). Note

that for large values of n, ¢ approaches nm, and that the above.functions

n+l
un(r) are orthogonal on the interval (-h, h)

and
h 0 , m#n
(ups ) = {h u (r)u (r)dr = { 12, men (3.24)
where
cos?(¢ )
nunuz = h+ §i_ cosz(Anh) =h+ S3h2 n (3.25)
DA% D £n2

We will use these functions in the construction of our Green'’s function

17
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solutions for G1 and Gz.

Define the eigenfunctions associated with the region Rn as

Um(x) = cos(Amx), -a <x<a, m=1,2,3...
with
cos?(¢ )
£ = a, 1012 = a+ 202 n
p m
and where

£ tan €, = Soa/Dp, m=1,2,3,...

Also define the eigenfunctions

v (y) = cos(ﬁmy), -b<y<b

m
with
. €0s2(n_)
n_=ub, V12 =b+ 002 m
m m m 0 2
p "
where
nptan (ng) = Seb/Dy.

There will be a similar set of eigenfunctions associated with the region Rp.

* * .
We denote these eigenfunctions by Um(x) and Vm(y) and note that 'Sy is

19



replaced by S, in the calculation of these eigenfunctions. We now assume a

solution for the Green's functions G, Gz as:

Gy = izl JE]. A.ij(ZO) Uj(XO )Vi(yb) (3.26)
G, = iil jil Bij(zo) Uj(xo)Vi(yo) (3.27)

as the functions Uj and Vi satisfy the boundary conditions and

= = . A - :
Un(x) cos (Anh) u(x; Dp, So, a, n), a<x<a
* * *
Un(x) = cos (A x) = u(x; Dyps S15 3 An), -aix<a
Vi(y) = cos (upy) = u(y; Dps So, b, ¥g), -b<y<b
* * *
V. (y) =cos (u.y) = uly; Dy, Sy, by ) -D<Y<D

where it is assumed that So, S; are different from zero. ‘Substituting
(3.26) and (3.27) into (3.14) and (3.16) respectively, we find that A . and

an must be chosen to satisfy the conditions:

Ui (x)V5(y)é(zo-2) |
Aji - __1__A1.. =3 , O< z,<Z, (3.28)
Joy,2 TN J

20 ‘
o



dA,
A.(z.) =0, D . S, Aj; = 0at zg=0

LAV R 1
p dZO J
with 2 =L 2/(1+L 2 (2% + 2
| Yij 5 ( o (a2 uJ))
* *
n 1 U, (X)V1 ()’)5(20'2)
B.. - B,, = _J , Zitw < Zo<H (3.29)
ij T,z i x ok J
ij ntn nvin
dBij '
Bij(Zj+w) =0, D — + 5By =0 at zg=H,
0
i ‘ 2 2 2 *2 *2
with ;5% = Ly /(1 +L2 (224 ¥ )).

These equations have the solutions

Us(x)V; () (20) y2(2)

s 0Kz42
ntn2uVin2 Aq

Uj(x)Vi(y)yl(Z)Y2(Zo)

TR
U IZ0v 02 8,

s 2824<Z,
0%

where

yi{z) = cosh (z/yij) + (spxij/op) sinh (Z/Yij)

sinh (Z.-2)/v..)
¥,(2) = : 1

5‘"h(zj/Y13)

21



and

1 YI(ZJ)

Ay = - y
.. sinh (Z./y..
Vi ( j Y1J)

Also,

(U3 00V; ()54 (2)y5(20)

» L.+wlz <z

* * J

1U,020V.02 A, .

B.. = ! ’ (3.31)
ij < )

U300V; (0)y3(2) 3 (20)

*

s 2<Zy<H

*

*
120V, 024,

r
[

with y3(z) = Sinh (Z-25-9)/944)

- S o..

y’*(z) = cosh ((H_Z)/g]j) + niJ S]nh((H'Z)/U]j) .
D
n

From the equations (3.12) (3.18) (3.19) (3.26) and (3.27) we obtain the

current density

o e U (XV (y)sin(r )
J = 4aqpo(l-R) T T v n_T nd
P m=1 n=1

G

S1n(umb) mn

nn (3.32)

2 2
nUnu uvmu xn M

22



with

~al

mn

. -al .

J ; J

{Spyij/Dpcosh(Zj/ymn)+s1nh(Zj/Ymn)}aymne J
)

r
n'l yl(ZJ

2,2
acy m
‘

Observe that Gmn has a removable singularity where ay, = 1 and in this case

we can write

-ZJ/Y (aYmn-l)

mn -al.
1+(S v, /0 +1) {1 - @ e J
1 pliitp -1
Yin~
*Ymn+1 ' n(zy)
The current density Jn is given. by
U, (x)V(y) onsin(xia) sin(ub) H
® X y) o sin(x_a) sin(u :
J, = dagp(1-R) p g -~ —T0° T 7 nom (3.33)
m=1 n=1 LR P * *
uvnn uvmn A, Mo Yu(zj+w)
with
1 <H (0% o (zg4w) S0,
= - + - 3 HI
Ll ( D 0] + e ( D omn 1) sinh(H'/o,,)
mn n n
-a(Zj+w)
+ e (o0n® = Sy oij/Dn) cosh(H' /o )
with H' = H-zj-w. The total light current is J, = Jp+Jn.

23



DARK CURRENTS

The equations describing the dark currents associated with the n and p

regions may be expressed

(Pp_-P_)
v2(p -p ) -__N N0 _g
no 2
Y
with boundary coﬁditions:
qVJ
P=P P =P [OXP () -1] at 2214
KT
o P S, P=0 at z=0
P 32
d
D P sy p=0at x=a, 0 X _s,p=0 at x= -a
0 ¥ s p=0 at y=b, 0 s, p=0 at y -b
and
(n_-n_) .
v2 (n.-n ) - _P PO -9 (3.35)
p po L 2
n

qv.

J
n=n -=n = exp (—2) -1 at =1 .+
p po po [ P ) ] i
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an

D, - Snn =0 at z=H
N 3z
-D .31 -5n=0 at x = a, D ~32.- S$;n =0 at x=-a
n n
X ax
an an
-Dn.__ -S5n=0 a y-=b, Dn"‘ -Sn=0 at y=-b
3y 3y A

with Vj the junction voltage.
We use the relation (3.11) with g=0 and obtain the Green's second

formula

6
IIIR (P-Prg) L(G)) drg = Pp-Ppy = I I (3.36)
n

i=1,...6 are the surface integrals defined by (3.13). Applying

the boundary conditions from (3.34) the relation (3.36) reduces to

b a qv. '
3G
PaPro= [ [ Pno lexe (‘_EJ -1 2L

-d KT 320

dXo dyo (3.37)
ZO=ZJ~

" and the dark current opposing the photo current is given by

de = -q Dp grad (Pn-Pno) .k (3.38)
Z=Zj

A similar analysis for the region Rp produces the electron density
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b a qu 36
n_-n_= -n exp (—=) -1| 222 dxq dy, (3.39)
oo™ [, [, o | (5 229 | 0"
Zyp =ZJ'+W

and the dark current opposing the photocurrent is given by

Jd.4 = -0, gnd (n_-n_) - (-E) (3.40)
nd n p  po 2=7 .+ T
J
The equations (3.38) and (3.40) simplify to
qv./kT U (x)v (y)y;(Z.)sin(x a)sin(y_b)
Jpg = 4aba DP (e ooy M J n T (3.41)
mn uUnn2nvmu2 Yl(Zj) (Ana) (umb)
and
VKT U GOV (9) YulZ o) s 1ra) sin(ub)
qv . X YIyyllaw)sin(a a)sin(u
Jng = 4aba Dyno(e Vo) M J n . (3.42)
mn * 2 * 2 * *
AUNES LN yu(zj+w) (xna) (umb)
= 2 ’ - 2
where Pno ni/Nd and npo ni/Na
The total dark current density is
vy

We use the recombination current density from (1.21) and calculate the

total currents by integration
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I = -{b {a J, dxdy . (3.44)
I =J + 4ab (3.45)
rec rec
b a
Io = [/ [ Jo dxdy (3.46)
B -b -a v :
b a
Lyark {b {a Jgark 9X4Y (3.47)

The current voltage relation is obtained from the equivalent circuit

diagram of Figure 2. The computer program "SC3D" which utilizes the above

equations is given in Appendix C.

4. THREE-DIMENSIONAL VERTICAL JUNCTION SOLAR CELL

With reference to the geometry illustrated in Figure 4, we assume the
photoconverter is illuminated from the side x=a. For this assumption, we
use the generation term g(a-x) where g(x) is defined by equation (1.1).
Also we must modify the Green's functions G,, G, used in the conventional
photoconverter. Note that Gy, Gp were expanded as double Fourier series
which were’synmetric in both x and y. For jllumination from the side x=a we
must remove the symmetry in the x-direction. Consequently, for the n-region

and p-region we construct Green's functions g,, g, having the following

form:

@ @ Vm(yo)wl(zo )Vm(y)wg(z)w&nﬁ - R
= I I TR
m=1 2=1 HVmﬂ szﬂ pm

L
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where W =

and

are eigenfunctions

* * * *

© ® Vm(yo)wz(zo)Vm()’)Wl(z)wmg

27 et *x o x o * (4.2)
nvmnznwzn2 Pmg
sin Z.-2)}, 0<z<1Z,, 2=1,2,3.... 4.3
("z( i ) 4 ; (4.3)
* .
sin (nl(z-Zj-w)), Zj+m<z<H, 2=1,2,3.... (4.4)

with eigenvalues determined by the roots of the equations

-D Z.)/(S Z.) = tan Z, 4.5
o (n, J)A/( PJ) (n, J) (4.5)
and
* 1 [} - *| ] .
-0, (an )/SH') = tan (an ), H -H-zj-m (4.6)
respectively. These eigenfunctions have the norm squared
sin(2n Z.)
W12 = l.zj T (4.7)
2 4 .
in(2n H' )
sin(2n H'
annZ = l.H' - }. R (4.8)
2 4 *
Ny

In (4.1) and (4.2)

* S '
Vs V have been previously defined in (3.26) and (3.27).

Also in (4.1) and (4.2) we have
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2r
0 P
p.: = L 1‘]) sinh (EE_. + Eéﬁ.cosh (gi_ (4.9)
Uoor. D, 2 r.. D T,
i P ij P i
ST
pif = ( 1, ') sinh (Ei_ + B1 cosh (33_ (4.10)
J S D2 €4 D €.
J n ij n ij

2)) (a.11)

' *
= L2 2(y.2 =
ri‘z Lp /(1 + Lp (“i * “jz)) i 81'2 an/(l * an(“iz ¥ "

J J

-y1{X)y2(Xo), -a<Xo<X
= ' (4.12)

-y1 (Xo)y2(X), X<Xo<a

~¢3mn

-y (X)ys (X) ,  -a<Xo<X
b, .. = (4.13)

-ys (Xo)y3(X), X<Xo<a

x, : Sof
¥, {X) = cosh (a X) # 22 ™ Sinh (:tih (4.14)
D r
mn p mn
y2 (X) = y1(-X) (4.15)
- S1€5: '
y3(X) = cosh (224) 4 3 Gin &4 - (4.16)
€. . D €. .
ij n ij
w (X) = y3(-X) | (4.17)

In the n-region we can represent the solution to the boundary value problem
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(3.1) by

J b a
-g(a-X
_gﬁ___ﬂl 91 (X,¥525 Xg.¥0,20) dxgdypdzg (4.18)

P

and in the p-region we can represent the solution to the boundary value

problem (3.5) by

-g(a-X
pMpo = £ [ 'gﬁ-——gl'QZ(xaysZ; X0 s Y0520 ) dxqdygdzg (4.19)
jre 072 Dy

where the source term has been'rep1aced by g(a-Xg) which models the illumi-

nation from the side X, = a. From these equations we use (3.19) to obtain
the photocurrehts. The computer program "VSC3D" describing the vertical
junction model is given in the Appendix D together with representative

graphic output.
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APPENDIX A

BASIC COMPUTER PROGRAM FOR
ONE-DIMENSIONAL CONVENTIONAL PHOTOCONVERTER



OPTION BASE i

!§***********i********Q**********************&Q***********ﬁ*****i*****
, _

! PROGRAM CONVEN

! _ .
YCONVENTIONAL SOLAR CELL PROGRAM SET UP FOR Si SOLAR CELL CHARACTERISTICS
]

?EM CONVENTIONAL SOLAR CELL PROGRAM CONSTANT TEMPERATURE

!*i**********§***********i*********§********************************i**

DIM X(50),Xx(50),Ra(50,4),2(50),Volts(100),Amps(100)
DIM Esi(20),Asi(20)

!§**************************#*************§*********************4**%**
]

! ' READ IN Silcon ABSORPTION CODEFFICIENT DATA

Nsi=20 ! THIS IS NUMBER OF DATA POINT PAIRS TG READ
'IF YOU CHANGE THIS NUMBER CHANGE DIM STATEMENT ABBVE

FOR I=1 T0 Nsi

REQ? Esi(I),Asi(D) 'READ IN ENERGY(EVY).AND ABSORPTION COEFF CM-t

N I :

DATA 1.1,1,1.15,10,1.24,100,1.378,350,1.46,950,1.77,2000 '

DATA 2.067,4500,2.48,1E4,2.76,2E4,3.1,5E4,3.26,1E5,3.5,1E6.3.6,1.1E6

%?L?T4,I.8E6,4.2,2.5E6,5,t.9E6,5.2,2E6,6,1.556.8,1.3E6.10,!.TES

GRAPHICS ON

GCLEAR

WINDOW 0,100,0,100

CSIZE 93

LORG 5

MOVE 50,50

LABEL "SPECTRAL RESPONSE CURVE™

CSIZE S

MOVE 50,40

LABEL "IT TAKES A MOMENT TO CALCULATE"

'SOLAR CELL CONSTANTS

YCONSTANTS FOR MOBILITY Mun

AG=65.02 !'FOR Si; FOR GaAs A0=5076.1%1 : FOR Ge A0=458.K8
A1=5.72E-9 !'FOR Si;FOR GaAs A!1=6.03E-8 ; FOR Ge A1=7.92E-9
A2=2.49E+9 'FOR Si;FOR GaAs A2=2.13E6 ; FOR Ge A2=6.08E7
A3=2.5 'FOR Si ; FOR GaAs A3=1.0 ¢ FOR Ge A3=1.86
1CONSTANTS FOR MOBILITY Mup

B0=54.46 'FOR Si ; FOR GaAs B0=37.33 ; FOR Ge B0=3140.27
B1=6.76E-9 'FOR Si; FOR GaRs B1=8.51E-9: FOR Ge B1=1.79E-7
B2=2.93E+9!'FOR Si; FOR GaAs B2=6.05E7 ; FOR Ge B2=1.18ES
B3=2.7 {FOR Si; FOR GaAs B3=2.1; FOR Ge B3=2.33

ICONSTANTS FOR BANDGAP AS FUNCTION 0OF TEMPERATURE
Eggo=1.16 'FOR Si; FDR Gafls 1.522 ; FOR Ge .741
Alphao=7.02E-4 'FIR Si; FOR GaAs 5.8E-4: FOR Ge 4.56E-4
Betao=1108. !FOR Si; FOR GafAs 300; FOR Ge 210

'CONSTANTS FOR INTRINSIC CARRIER DENSITY

Nial=4.9E+15

Nia2=1.61

B=7.1E+15 'CONSTANT FOR LIFETIME CALCULATIONS
Xkko=1,2E-3 'CONSTANT FOR ABSORPTION SHIFT

Xkk1=.35 'CONSTANT FOR ABSORPTION SHIFT -SEE BELOW
T0=300 - ! FIXED REFERENCE TEMPERATURE
Kb=8.6172E-5 ! BOLTZMANN’'S CONSTANT EV/K

Q=1.6E-13 ! ELECTRON CHARGE

!*********************************************%%*******i***********
!

! ADJUSTABLE SGLAR CELL PARAMETERS

! .
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70
80
90
00
710
720
730

Lz;o
40
50
60
:
P

740

/50
760
/70
780
/30
300
310
520
330
340
350
860
570
380
330
300
310
320
330
340
341
350
360
370
380
390
1000
1010
1020
1030
1040
1050
1060
1070
1080

[wo)
oW
[on e

PO = e =d et = 3 =t e et
—OoWXNOUN WM —
[ec R an e e Jew N o Noan f o v oo Jloow )

!*******%*************************************ﬁ******&**ﬁ**i*********

Parameters: ! CHANGE THE VALUES BELOW IF DESIRED
Sn=0.E+0 'SURFACE RECOMBINATION VELOCITY CM/SEC
Sp=0.E+0 'SURFACE RECOMBINATION VELOCITY CM/SEC
Na=1.25E+17 ! DOPING DENSITY P REGION CM-3
Nd=5.0E+1S ! DOPING DENSITY N-REGION CM-3
Tn0=1.86E-4 ! CONSTANT FOR LIFETIME CALCULATION
Tp0=3.52E-3 ! CONSTANT FOR LIFETIME CALCULATION
Wo=1.000 'LASER POWER KW/CM2
'Wo DETERMINES TEMPERATURE IN CELL
!SEE BELOW
Hh2=100 'HEAT TRANSFER COEFFICIENT TO BACK SURFACE
. - YUNITS OF WATTS/CM2-DEG C
Kback=1.5 'WATTS/CM-DEG C THERMAL CONDUCTIVITY BACK SURFACE
Tpipe=100 'TEMPERATURE DEG C BF HEAT PIPE (ASSUMED TEMP
" 10F HEAT PIPE LOWER TEMPERATURE
Lambda=1.06 'LASER WAYELENGTH IN MICRONS
Re=,05 'REFLECTION COEFFICIENT FOR ILLUMINATED SURFACE
Rs=0. ! SOLAR CELL SERIES RESISTANCE IN 0OHMS
Rsh=1.0E+6 !SHUNT RESTISTANCE IN OHMS
Epso=11.6 ' Si PERMITIVITY COEFFICIENT (DIMENSIONLESS)
H=4.500E-1 !SOLAR CELL HEIGHT IN CM -
¥j=5.0E-4 'JUNCTION DEPTH IN CM
' i
! BEGIN CALCULATIONS FOR THE SPECTRAL RESPONSE

'
'*********i*************************i*************i***************4******
'ESTIMATE ABSORPTION COEFFICIENT ALPHA

T=273+Tpipe+1000=Ho=(1-Re)/Hh2 'ESTIMATE SOLAR CELL TEMP DEG K
Ener=1.2402/Lambda ! ENERGY IN EV FOR WAVELENGTH LAMBDA
Egt=Eggo-Alphao=*T#T/(T+Betao) 'BANDGAP FOR THIS TEMPERATURE

IF (Ener<=1.7) THEN Xkko=(1.3=*Ener-1)=1,0E-3

Dele=2#Xkko*(T-T0)

E=Ener+Dele :
Alpha=FNAbsorp(Nsi . Esi(*) ,Asi(=*) ,E) 'APPROXIMATION OF ALPHA
'CALCULATE TEMPERATURE OF SOLAR CELL AT LASER SURFACE INTERFACE
Yyi=Alpha=*H

Yy2=0 :

IF (Yy1<220) THEN Yy2=EXP(-Yy1)

T=Tpipe+(Ho*1000=(1-Re)/Kback)*((Kback /Hh2)-1/Alpha)*(1-Yy2)

IF (T<Tpipe) THEN T=Tpipe

T=T+273 'CONVERT TO DEG K

Kbtg=Kb=T ! BOLTZMANN"S CONSTANT TIMES TEMPERATURE
Egt=Eggo-Alphao=T*T/(T+Betao) ! BANDGAP CALCULATION

Tn=Tn0/(1+Na/B) ! LIFETIME CALCULATION

Tp=Tp0/(1.+Nd/B) ! LIFETIME CALCULATION
Mun=FNMun(Na,T,A0,A1,A2,A3) * MOBILITY CALCULATION -SEE BELOW FOR FN
Mup=FNMup(Nd,T,B0,B1,B2,B3) ' MOBILITY CALCULATION -SEE BELOW FOR FN
Dn=Kbtg=Mun ! DIFFUSION COEFFICIENT CALCULATION
Dp=Kbtg=Mup ! DIFFUSION COEFFICIENT CALCULATION

Phio=HWo=*Lambda=5.03306E+21 'PHOTONS/CM2-S
Ni=(Nial)=(Nia2)*(T7"1.5)=EXP(-Egt/(Kbtg=2)) !INTRINSIC CARRIER DENSITY
Ybi=Kbtg*LOG(NaxNd/(Ni=Ni)) ! BUILT IN VOLTAGE
W2=(2.=Epso*(8.85E-14)/Q)=Vbi*(1./Nd+1./Na)

W=SQR(KW2) !SPACE CHARGE REGION WIDTH

Hp=H-Xji-W ! DEPTH OF BOTTOM SECTION (P REGION)

Lp=SAR(Dp*Tp)> ! DIFFUSION LENGTH CALCULATION

Ln=SQR(Dn+*Tn) ! DIFFUSION LENGTH CALCULATION

D1=.075 ! WAVELENGTH INCREMENT FOR SPECTRAL RESPONSE CURVE
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!***************i********************************************%***4*****

!
'PLOT SPECTRAL RESPONSE AND THEN PAUSE TO LOOK AT IT

!**************&********************************************4*****4******

FOR J=1 TD 50

X(J)=1.115+(J-1)=D1l ! THIS IS ENERGY IN EV
Xx(J)=1.2402/X{(D YTHIS IS WAVELENGTH IN MICRONS
Ener=X({(J)

Engo=X(J)

IF (Ener>1.7) THEN Xkk=Xkko

IF (Ener<1.7) THEN Xkk=(Xkk1*Ener-1)=1. OE
Dele=2%Xkk=(T-T0)

Ene=Ener+Dele

Alpha=FNAbsorp{(Nsi, E51(*) Asi(*) ,Ene)
tPRINT T,Ener, ﬁlpha Dele
ﬁa1=Sp*Lp/Dp

ARa2=Xji/Lp

Y1=Alpha=*Lp

Aal=Ral+Y1

Y2=Y1/(Y1%Y1-1)

Fj=FNJ(Aal,1.,Ra2)

-Z1=Alpha=Xj

Z2=Alpha=(Xj+H)

I3=Alphax*i

Z4=Alphax*(Hp)

IF (Z1<200) THEN GOTO LS53

Y1z=0

GOTO L63

LS3: Y1z=EXP(-Z1)

L63: IF (Z2<200) THEN GOTO LS4

Y22=0

GOTO LG4

L54:Y2z=EXP(-Z2)

L64:IF (Z3<200> THEN GOTO LSS

Y3z=0

G070 LeSs

L55:Y3z=EXP(~Z3»

L65: IF (Z4<200)> THEN GOTO LS6

Y4z=0
GOTO L66
LS6: Y4z=EXP(-24)
L66: Y3=Ha0-Fj*YTz
Y4=FNH(Aal, Aa2)
YS=Y1=Y1z

Aal(J, )= Y”*((Y°/Y4) YS) {TOP OF JUNCTION
Aa3=Sn=Ln/Dn
Aad=Alpha=Ln
ARaS=Hp/Ln
Aab=Rad4-Ra3
Y6=Aa4/ (Aad»Qad-1)
Y7=Rab=Y4z
Fi=FNJ(Aa3,1.,Aas
Y7=Y7+F j C
Y8=FNH(Ra3,1.,Rad)
ﬁa(J,2)=Y6*Y22*(Ha4—Y7/Y8)
ARa(J,3)=Y1z=(1.-Y23
Aa(d,4)=RadJd, 1)+Ha(J.2)+HafJ,u)
NEXT J

'***9*******f***************&**#ﬁ**ﬁ*iﬁ*******ﬁﬁ***********%**ﬁ*#*
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! » GRAPHICS FOR SPECTRAL RESPUNSE CURVE

! . .

GINIT ’

GRAPHICS ON : '

DuMP DEVICE IS 701 'FOR LARGE GRAPHS USE 701 ,EXPANDED

WINDOW -.25,1.60,-.1,1.1 ! XMIN,XMAX,YMIN,YMAX FOR GRAPH

FRAME ! DRAW A BOX AROUND GRAPH

AXts .10,.10,0.,0,5,2,6 'XTIC,YTIC,0RIGIN,POSITION OF MAJOR TICS

! Fe XXX TE R R W P I I IE M e IE W I I I IE I I I I W I T I T W I IE T IE I I e I T S I I I S W I Fo T I X256 IE W I N I I S T N
' :
! NOW 7O LABEL THE AXES---X AXIS FIRST
1

e T R O T T R e 2 F oy e
CSIZE 4

LORG 6

FOR X_label=0. 0 1.5 STEP .5
MOVE X_label,-.045

LABEL X_label

NEXT X_label

LORG 8

FOR Y_label=0 7O 1 STEP .1
MOVE -.03,Y_label

LABEL Y_label

NEXT Y_Tabel

LORG 6

'LABEL THE AXES WITH NAMES

4

DEG 1THIS SETS ANGLES TO DEGREES

LDIR 0 tZERO ROTATION FOR DIRECTION OF LABELS
MOVE (.75),-.01

LABEL "WAVELENGTH(MICRONS)" !WRITE LABEL IN CEVTER OF AXES
LDIR S0 ! GET READY FOR A S0 DEG ROTATION OF LABEL
MOVE -.18,.5 ' MOVE 70 CENTER OF Y AXIS

LABEL "SPECTRAL RESPONSE™

!
PLOT THE SPECTRAL RESPONSE CURVES FOR

CONTRIBUTION: FROM FRONT:BACK;DEPLETION REGION:TOTAL

- sw .

!
FOR I=1 TG 4

FOR J=1 TO 50

Z(J)=Ra(J, 1)

NEXT J

MOVE Xx(1),Z(1)

FOR K=1 TO 50

DRAN Xx(K) ,Z (K>

NEXT K
NEXT I
LDIR O
CSIZE 3.8
LORG 3
MOVE -.15,-.05
LABEL "Si"
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010
020
030
040
050
060
070
080
090
100
110
120
130
140
150
160
170
180
190
200
210
220
220
240
250
260
270
290
360
210
320
330
380
390
400
4190
420
430
440
450
460
4790
489
430
500
510
520
530
540
550
560
570
580
590
630
610
820
£30
640
650

JO1=(Q=Dp/Lp)=(Ni=*Ni/Nd>=(Z1/72)

JO2=(Q=Dn/Lnd)=(Ni=Ni/Na)=(713/74)

J0=401+402

I3=Alpha=Lp

Z4=Alpha=Ln

R1=0%Phi0O=*(1-Re)*Z3/(Z3=Z3-1)

R2=Ral1+13

R3=EXP(-Alpha=*Xj)

Jp=R1%(((R2-R3%71)/72)-713=R3)

R4=EXP(-Alpha=(Xj+W))

RS=Q#*Phio=(1-Re)*74=R4/(Z4=74-1)

RB6=FNCosh(X2)

Yy1=Alpha=Hp

Yy2=0

IF (Yy1<220) THEN Yy2=EXP(-Yy1)

R7=74%=Yy2

38 ég éga3*(Q5 Yy2)+FNSlnh(X2)+R7)/FNH(Qa3 1. ,X2)
n= »*

Jdr=Q*Phio*(1-Re)*EXP(-Alpha=*Xj)=*(1.-EXP(-Alpha=W))

fsc=Jp+Jn+Jdr

'

! " VYOLTAGE GOES FROM 0O TO ITS OPEN CIRCUIT VYALUE .
! AND WE CALCULATE THE CORRESPONDING CURRENT

!***********************************ﬁ****************ﬁ******&*********

I=Jsc

Begin: X1x=\V+I=Rs

Jrec=FNRec(Ni,W,X1x,Kb,T,Vbi,Tn,Tp>
IF (Rs=0) THEN GOT0O Skiper
I=FNN1(Rs,V,T,J0, Jsc Jrec ,Kb,Rsh)
GOTO End

Sk iper: I=Jsc-JO0=(EXP(Y/(Kb*T))-1)-Jrec-V/Rsh
End: : ! SAVE RESULTS FOR PLBTTING

Volts(Icount)=V=1000. YMILLIVOLTS
Amps{Icount)=I+1000, 'MILLIAMPS

P=y»] 'POWER IN WATTS

IF (P>Pmax) THEN Pmax=P

IF (Amps{(Icount)>Max) THEN Max=Amps{(Icount)
IF - (Amps{(Icount)<0) THEM GOTO Stop

GOT0 Start

Stop: !GRAPH CURRENT-VOLTAGE RELATIONSHIP

Amps(Icount)=0

!********************************************%*******iﬁ*****&********

!

! GRAPH OF CURRENT VOLTAGE RELATIONSHIP FOLLOWS
!
é******#**********************%***************************ﬁ*ﬁi****ﬁ%*
GCLEAR
CSIZE 4

Maxy=1.2%Max
Y1=DROUND (. 1 «Maxy,2)
Dely=Maxy/10
WINDOW -150,1000,-Y1=1.6,Maxy+.2=Y1
FRAME
DEG
AXES 10,(Dely).0,0,10,2,6

! LABEL AXES

LORG &

LDIR -90

FOR X_label=100 TO 1000 STEP 1090
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3660 MOVE X_label,-12#Y1/16

3670 LABEL X_label

3680 NEXT X_label

3630 LORG 8

3700 LDIR O

3710 FOR Y_label=0 TO Maxy STEP Dely

3720 MOVE 0,Y_label

3730 LABEL DROUND(Y_label,2)

3740 NEXT Y_label

3750 LORG 5 '

3760 MOVE 350,-Y1=1.3

3770 LDIR O

3780 LABEL "MILLIVOLTS"

3790 MOVE -100,Maxy/?2

3800 LDIR 90

3810 LABEL "MILLIAMPS" -
3820 CSIZE 4 .
3830 LDIR O

3840 MOVE VYolts(1) ,Amps{(1)

3850 FOR Ij=1 70 Icount

3860 DRAW Volts(Ij),Amps(Ij)

3870 NEXT Ij

3830 CSIZE 4

3890 - Xpo=300

3900 Ypo=.7

3910 LORG 5

3911 MOVE 400, .95*Maxy

3312  LABEL "CONVENTIONAL Si PHOTOCONVERTER™
3920 MOVE Xpo, (Ypo)*Maxy

3330 LABEL "Rs=";Rs

3940 MOVE Xpo, (Ypo- 04)=Maxy

3950 LABEL "T =" ;DROUND(T- 273 4y "DEG c”
2960 MOVE Xpo, (Ypo- 08)=Maxy

3370  LABEL "Sn—”,Sn;" Ln=";DRDUND(Ln,5)
3380 MOVE Xpo, (Ypo-.12)*Maxy

3390 LABEL "Sp=";Sp;" Lp=";DROUND(LPp,S
4000 MOVE Xpo,(Ypo-.16)*Maxy

4010 LABEL "Na=";Na;'" Mun=";DROUND(Mun,5)
1020 MOVE Xpo, (Ypo-.2)=Maxy

4030 LABEL "Nd=";Nd;'" Mup=";DROUND(Mup,5)
1040 MOVE Xpo, (Ypo-.24)=Maxy

4050 LABEL "Xj="";Xj

5060 MOVE Xpo, (Ypo-.28)=*Maxy

4070 LABEL "H ="3;H

1080 MOVE Xpo,(Ypo-.32)=*=Maxy

40380 LABEL "Rsh =";Rsh

4100 MOVE Xpo, (Ypo-.36)=*Maxy

4110 LABEL "Wo =";Wo

1120 MOVE Xpo,(Ypo-.4)=Maxy

1130 LABEL "Pout=";DROUND(Pmax,5>

1140 MOVE Xpo,{(Ypo-.44)=Maxy

1150 LABEL "Eff= ";DROUND(100=Pmax/(Ho=1000).,5)
1160 MOVE Xpo, (Ypo-.43)*Maxy

170 LABEL "Alpha=";Alpha

11800 MOVE Xpo,(Ypo-.52)=Maxy

1130 LABEL "Lambda=":Lambda

1200 MOVE Xpo.{Ypo-.56)=Maxy

1210 LABEL "Jsc=";Jsc

1220 T30 58 536 36 6.6 36 4 2636 6 96 36 T H I T IEJE I P 6T T H TN AN I NP NI I NI I I N
123 !

1240 ! PAUSE LOOK AT GRAPH IF YDU LIKE I7 TYPE --- DUMP GRAPHICS
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1250
1260
1270
1280
1290
1300
1310
1320
1330
1340
1350
1360
1370
1380
1390
1400
1410
1420
1430
1440
1450
1460
1470
1480
1490
1500
1510
1520
1530
1540
1550

1560

1570
1580
1590
1600
1610
1620
1630
1640
1650
1660
1670
1680
1650
1700
1710
1720
1730
1740
1750
1760
1770
1730
1730
1300
1310
1320
1830
1840

!
!*******************i*&***i*****************************ﬁ*************
4

; TYPE  GCLEAR T0 CLEAR THE SCREEN
!**************ﬁ**********f************#*******************#***#******&*
PAUSE

GCLEAR - 'CLEARS THE GRAPHICS SCREEN

LORG S

CSIZE S

WINDOW 0,100,0,100

MOVE 50,50

LABEL "THE PROGRAM IS OVER"
FOR I=1 TO 3000

NEXT I

GCLEAR -

END

!**********************************************************%*ﬁ*****ﬁ*****

def FNAbsorp(Nsi,Esi(#),Asi(*),Energ)

- 1=0

IF (Energ<Esi(1)) THEN ARlpha=0
IF (Energ<Esi(1)) THEN Stop3

St3: I=I+1

IF (I>Nsi) THEN Last3
IF (Esi(I)<=Energ) AND (Esi(I+1)>=Energ) THEN Ratio3
GOTO St3 ,

lLast3: Alpha=Rsi(Nsi)

GOTO Stop3

gatig3: Alpha=Asi(I)+(Asi(I+1)-Asi(D))*(Energ-Esi(I))/(Esi(I+1)-Esi(I))
top3: !

RETURN- Alpha

FNEND ‘
!*******************************************************ﬁ***********
def FNJ(A1,A3,A2) ’ '
Y=Al=FNCosh(R2)+A3*FNSinh(A2)

RETURN Y

FNEND _
!*********§*******4****‘*******************************************
def FNCosh(X)

Y=(EXP(X)+EXP(-X))>/2.

RETURN Y

FNEND

def FNSinh(X)

Y=(EXP(XD-EXP(-X))>/2.

RETURN Y

FNEND
!*******************************************************************
def FNH(A,B,C) '

Y=A=FNSinh{(C)Y+B*FNCosh((C)

RETURN Y

FNEND
!****§***************************************************************
DEF - FNMun(Nd, T,A0,A1,A2,A3) - - o T -
Bb1=A1=T=T/(Nd"(2./3.))

D=Nd=Bb1=(1,-.5«Bb1)

X1=R0=(T"1,5)/D

X2=A2=EXP(-A3=L0G(T))

R=1./X2+1./X1

RETURN 1./R



850 FNEND

370 def FNMup(Na,T7,B0,B1,B2,B3>

880 X1=B2=EXP (-B3=L0OG(T))

890 Bb1=B1=T=T/(Na"(2./3.))

300 D=Na=Bbi=(1,-.5=Bb1)

910 X2=B0=(T7"1.5)/D

920 R=1./X2+1./X1

9390 RETURN 1./R

940 FNEND

960 def FNRec(Ni,W,V,Kb,T,Vbi,Tn,Tp)

979 J1=(1.6E-19)=Ni*W=*PI*FNSinh(Y/(2%Kb*T))
3980 J2=SQAR(Tp*Tn)=(Vbi-V)/(Kb=T)

930 Jrec=J1/J2

000 RETURN Jrec

010 FNEND

020 DEF FNN1(Rs,V,T,Io,Isc,Irec,Kb,Rsh? !NONLINEAR EQ SOLVER
030 Ib=Isc-Irec-V/Rsh+lo

040 Kbtg=Kb»T

050 U=.9999

060 Starter: U1=1+Rs/Rsh

070" F=Ib=U=U1-Ib+Io*EXP((V+U*Ib*Rs)/Kbtg)
080 Fp=Ib*U1+Io*EXP((V+Ib»*U*Rs)/Kbtg)*(Rs=*Ib/Kbtg)
090 Ut=U-F/Fp

100 Error=QABS(U1-U) :

110. IF (Etror<1.0E-6) THEN GOTO Ender

120 U=uU1

130 GOTO Starter

140 Ender: RETURN U1=Ib
150 FNEND
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APPENDIX B

BASIC COMPUTER PROGRAM FOR
ONE-DIMENSIONAL VERTICAL JUNCTION PHOTOCONVERTER
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OPTION BASE 1

!************************************i*********************&i*****
!

! PROGRAM YJSCP

! : ‘

'VERTICAL JUNCTION SOLAR CELL PROGRAM

1

§EM VERTICAL JUNCTION SOLAR CELL PROGRAM CONSTANT TEMPERATURE
!

!§***************************************************#******ﬁ*i**

DIM Volts(100),Amps(100),Yisc(201),Yidark(201),Yrec(207)
DIM Ra(100,3),Z¢€100>,XC100) ,Xx(100) A
DIM Esi(20),Rsi(20)

!***********i***********************************************4****
1 . ’

! Si ENERGY(EV), ABSORPTION COEFFICIENT (CM-1) DRTA

1
!i***i********************************&***************************

‘Nsi=20

FOR I=1 7O Nsi

READ Esi(I),Rsi(I)

NEXT I

DATA 1.1,1,1.15,10,1.24,100,1.378,350,1.,46,350,1.77,2000
DATA 2.067,4500,2.48,1E4,2.76,2E4,3.1,5E4,3.26,1ES

DATA 3.5,1E6,3.6,1.1E6,4,1.8E6,4.2,2.56,5,1.8E6,5.2,2E6
?QTA 6,1.5£6,8,1.3E6,10,1.1E6 :
GINIT YINITIALIZE GRAPHICS
GRAPHICS ON

DuMP DEVICE IS 701

WINDOW 0,100,0,100

LORG 5

MOVE 50,50

LABEL "SPECTRAL RESPONSE™

?*******ﬁ***************#***************§**************************

!

! _ SOLAR CELL PARAMETERS

!
2*****§*********************************&**********ﬁ*********i*******

Parameters: !
Wo=1.0 'LASER POWER IN KW/CM2
: 'TEMPERATURE CALCULATED BELOW BASED DN THIS POWER
Re=.05 'REFLECTION COEFFICIENT
Lambda=1.06 'WAVELENGTH IN MICRONS
Rs=0. : ! SERIES RESISTANCE IN OHMS
Rsh=1.0E+6 . YSHUNT RESISTANCE IN DHMS
§n=g. ! SURFACE RECOMBINATION VELOCITIES CM/S
p=0.
MNa=1.25E+17 ! DOPING DENSITIES CM-3
Nd=5.0E+19 'DOPING DENSITY CM-3 IN N REGION
B1=7.1E+15 t CONSTANT FOR Si LIFETIMES SEE Taun AND Taup BELOW
Eggo=1.16 ~ 'FOR Si;USE 1.522 FDR GaAs ;USE .741 FOR Ge
Alphao=7.02E-4 'FOR Si;USt 5.8E-4 FOR GaAs;USE 4.56E-4 FOR Ge
Betao=11083. 'FOR Sij;USE 300 FOR GaAs; USE 210 FDOR Ge
' SOLAR CELL DIMENSIONS :
A=1.0 !CM Y=A IS TOP, Y=0 IS BOTTOM
B=.002 'CM  X=0 IS LEFT, X=B IS RIGHT SIDE OF SOLAR CELL
Xji=.001 1CM JUNCTION LINE AT X=Xj
IF (Xj>B) THEN PRINT "PLEASE MAKE JUNCTION INSIDE OF CELL-THANK YOU"
Kback=1.5 'WATTS/CM-DEG C THERMAL CONDUCTIVITY FBR Si
B-2



510
520
530
540
50
560
570
580
530
700
710
20
730
740
750
760
770
780
730
300
310
320
330
340
350
360
370
380
330
100
310
320
130
340
350
360
370
380
390
1000
1010
020
030
1040
050
1060
070
080
0390
100
110
120
130
140
150
160
170
130
190

Hh2=100. 'WATTS/CM2-DEG € HEART TRANSFER COEFFICIENT

Tpipe=20. 'TEMP DEG C OF HEAT PIPE

Absorpo=1.6955E+3 'ABSORPTION COEFFICIENT FOR Si SEE Alpha BELOW
Xkk=1.2E-3 'CONSTANT FOR ABSORPTION COEFFICIENT SEE Dele BELOM
Xkko=1.2E-3

Xkk1=1.4

NiaG=4.3E+15 'INTRINSIC CARRIER DENSITY COEFFICIENT SEE Ni BELOW
Nial=1.610 'ANOTHER CONSTANT FOR Si INTRINSIC CARRIER DENSITY
Epso=11.6 'PERMITIVITY FOR Si DIMENSIONLESS

'CONSTANTS FOR Si MOBILITY Mun

AbL=55.02 ! FOR GaAs USE 5076.11 i FOR Ge USE 458.68

Ab1=5.72E-9 ! FOR GaAs USE 6.03E-88 ;FOR Ge USE 7.92E-9

Ab2=2.49E+3 ! FOR GaAs USE 2.13E6 : FOR Ge USE 6.08E7

Ab3=2.5 ! FOR GaAs USE 1.0 i FOR Ge USE 1.66

1CONSTANTS FOR Si MOBILITY Mup

Ba0=54.46 ! FOR GaAs USE 37.33 ; FOR Ge USE 3140.27

Bal1=6.76E-9 ! FOR GaAs USE 8.51E-9 : FOR Ge USE 1.79E-7
Ba2=2.33E+3 ! FOR GaAs USE 6.05SE7 : FOR Ge USE 1.18ES

§a3=2.7 ! FOR Gams USE 2.1 ; FOR Ge USE 2.33

i X 6 M 6 ook o b b

z END OF SOLAR CELL PARAMETERS
’**4***********************************§****************************
'APPROXIMATE THE TEMPERATURE

T=273+Tpipe+1000*(1-Re)=*Wo/Hh2

Egt=Eggo-Alphao*T=T/(T+Betao) :

70=300 'CONSTANT REFERENCE TEMPERATURE
Engo=1.2402/Lambda

IF (Engo<=1.7) THEN Xkk=(1.3=Engo-1)=1,0E-3

Dele=Xkk=(T-T0)

E=Engo+Dele

?}5h3 FNAbso(Nsi,Esi(=) ,Asi(*),E) -

IF (Alpha=A<700) THEN Ff2=EXP(-Alpha=A»
T=TpipetHo=((1-Re)=*1000/Kback)=*{(Kback/Hh2-1./Alpha)=(1-Ff2)

IF (T<Tpipe) THEN T=Tpipe

T=T+273 ! THIS IS THE TEMPERATURE DEG K DUE 70 POWER HWo
Kb=8.6172E-5 ! BOLTZMANN'S CONSTANT EV/K
@=1.6E-13 ' ' ELECTRON CHRRGE COULOMBS
Tno=1.86E-4 'LIFETIME CONSTANT
Tpo=3.52E-3

Taun=Tno/(1.+Na/B1) 'CALCULATION OF LIFETIMES

Taup=Tpo/(1.+Nd/B1)>
Ego=Eggo-(Alphao)=T}=T0/(T0+Betao) ! 1.12 EV AT 3003 DEG K
Egt=Eggo-(Alphao)=*«T=«T/(T+Betao) 'BANDGAP IN EV

PhiO=Wo=*Lambda=5.03306E+21 'PHOTONS/CM2-S
Engo=1.2402/Lambda 'ENERGY IN EV

IF (Engo<=1.7) THEN Xkk=(1.3=%Engo-1.)=1,0E-3 !'SEE QBUVE FOR Xkk
Dele=Xkk=*(T-T0) , ! SHIFT IN BANDGAP DUE TG TEMP
E=EngotDele

Alpha=FNAbso(Nsi,Esi(%*) ,Asi(*) ,E) ! ABSCRPTION COEFFICIENT CM-1
Icount=0 YINITIALIZE COUNTER , ,
Xstep=.01 ) 'WOLTAGE STEP SIZE

IF (A>.02) THEN Delz=A/200 'DEPTH BELOW SURFACE STEP SIZE
IF (A<=.02) THEN Delz=.02/200

Max=0 ! DUMMY MAXIMUM CURRENT
‘Delvo=.05 : 'CHANGE IN. VOLTAGE

V=-Delvo 'INITIALIZE VOLTAGE

200!**ﬁ*i***********************i*********#****************************i****ﬁ*
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110! SPECTRAL RESPONSE CURVES

f20!*****************************************ﬁ****ﬁ**********ﬁ*****************

30 Kbtg=Kb=T tBOLTZMANN"S CONSTANT=TEMP
‘40 Egt=Eggo-Alphao=T*T/(T+Betao) ' BANDGAP

50 Tn=Tno/(1+Na/B1) 'LIFETIME

60 Tp=Tpo/(1+Nd/B1)

70 Mun=FNMun(Ma,T,Ab0,Ab1,Ab2,Ab3) 'MOBILITIES

'80 Mup=FNMup(Nd,T,Bal,Bat,Ba2,Ba3) .

'30 Dn=Kbtg=Mun ‘ 'DIFFUSION COEFFICIENTS
300 Dp=Kbtg+=Mup

310 Phio=Wo=Lambda»5.0330E+21 'PHUTONS/CM2-S

320 Ni=NiaO=Nial=(T7"1.5)=EXP(-Egt/(Kbtg=*2)) 'INTRINSIC CARRIER DENSITY
130 Vbi=Kbtg*LOG(Na*Nd/(Ni=*Ni))> 'BUILT IN VOLTAGE v

340 W2=(2.*Epso=(8.85E-14)/Q)*Vbi=(1./Nd+1./Na> !SQUARE OF DEPLETION WIDTH
350 W=SQR(W2) 'DEPLETION WIDTH

360 Lp=SQAR(Dp=Tp) 'DIFFUSION LENGTH

370 Ln=SGR(Dn*Tn)

380 Xn=W=Na/(Na+Nd) 'DISTANCE INTO N REGION
390 Xp=W-Xn 'DISTANCE INTO P REGION

100 Ut=(Xj=-Xp)/Ln

410 U2=Dn/Ln

120 U4=Dp/Lp

430 F1=FNRatio(U1,Sn,U2)
140 U3=(B-Xj-Xnm)/Lp

450 F2=FNRatio(U3,Sp,U4)

%60 Pin= B*No*lOOO 'POWER INTO CELL B by 1T CM (WATTS)
670 Imax=0

180 Kmax=60 :

430 FOR J=1 70 Kmax

500 X(J)=1.000+(J-1)=.,03 ' ! ENERGY IN EV

510 Xx(J)=1.2402/X(J) TWAVELENGTH IN MICRONS

520 Phio= No*Xx(J)*S 033E+21

530 Ener=X(

540 IF- (Ener>1.7) THEN Xkk=Xkko

550 IF (Ener<1.7) THEN Xkk=(Xkk 1#*Ener-1)=1, PE 3

560 Del=Xkk=(T-TD)

570 E=Ener+Del

>80 Alpha=FNAbso(Nsi,Esi(*), 951(*) JED tABSORPTINON COEFFICIENT
580 !PRINT "ALPHA =":Alpha’

00 Zz1=Alpha=A

10 Yyy1=0

520 IF (Zz1<700) THEN Yyy!=EXP(-Zz1) tNO NUMERICAL INTEGRATION
530 In=-Ln=*F1+«Q=Phio*(1-Re)*(1-Yyy1) tCURRENT FROM RIGHT SIDE AMPS
540 Ip=-Lp=*F2*Q*Phio*(1-Re)=*(1-Yyy1) !CURRENT FROM LEFT SIDE AMPS

550 Isr=(In+Ip)/FPin

560 IF (Isr>Imax).THEN Imax=Isr

570 !'PRINT In,Ip 'OPTIONAL PRINT STATEMENT

580 Aa(J,1)=In/Pin ISPECTRAL RESPONSE FROM RIGHT,

530 Ra(J,2)=Ip/Pin 'LEFT

/00 Ra(J,3)=Isr !TOTAL RESPONSE

710 NEXT J

720 1 %5 9696 36 3636 36 36 36 263 226 36 36 22636 36 2 66 I 2 6 T T 6 I I F0 T IEH J 6 I J MW F I NI S I I NI I NI
/30 ! : o

;gg 3 PLOT SPECTRAL RESPONSE CURVES

760 !*************4******************%*********************i**i****i*****&
770 GCLEAR

/80 WINDOW -.25,1.3,-.2,1.1

7390 FRAME

300 !§******************i*****ﬁ*****************************#*******ﬁ%***
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1810
1820
1830
1840
1850
1860
1870
1880
1830
1300
1910
1320
1930
13940
1950
1960
1970
1380
13390
2000
2010
2020
2030
2040
2050
2060
2070
2080

120

: DRAW AND LABEL AXES
AXES .1,.1,0.,0,5,5,6
CSIZE 4

LORG 6 :

FOR X_label=.5 TO 1.5 STEP .5
MOVE X_label,-.0125

LABEL X_label

NEXT X_label

LORG 8

FOR Y_label=0 TO 1. STEP .1
MOVE (-.005),Y_label

LABEL Y_label

NEXT Y_liabel

! B IE I & I T I I I TE S I W FE I I6 I b I I I FE I M IE I I T IE A6 I I I I I I I IE I 6 IE W E I € I I I I I IE W T I I T W e A

! PUT LABELS ON THE AXES -

I R R E R X X L R T e g I TP T T R R R
LORG 6

DEG

LDIR O

MOVE .75,-.1

LABEL "WAVELENGTH(MICRONS)"

LDIR 30

MOVE -.19,.5

LABEL "“NORMALIZED SPECTRAL RESPONSE™

!***************************ﬁ*************************&***************
'

z DRAW THE SPECTRAL RESPONSE CURVES
!**************************************************%******************
FOR I=1 T0 3 '

FOR J=1 TO Kmax

Z¢J)=Aa(J, ) /Imax

NEXT J

MOVE Xx(1>,Z¢1)

FOR K=1 TD Kmax

PRAW Xx(K),Z (K>

NEXT K
NEXT I

LDIR 0

MOVE -.15,-.05

LABEL “Si"
!****************************************&***************ﬁi**********f*
' .

' PAUSE

' TYPE DUMP GRAPHICS FOR HARD COPY .
!*************ﬁ#********************i********&*%*i**************i***i*
4

PAUSE

!

!***ﬁ%*%******************§***************%****************&*********
LDIR 0 |

GCLEAR tPUT A LABEL ON THE SCREEN

WINDOW 0,100,0,100

LORG 5

MOVE 50,25

LABEL "CURRENT-VOLTAGE™

MOVE 50,20

LABEL "CURVE IS NEXT™

MOVE 50,15

LABEL "CALCULATIONS TAKE 5 MINUTES *
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2 U201 2336 5636 3696 26 363 36 3636 36 36 JI I I F 336K I T T I T NI 2T I I I NI I I N K ST R AR E R

24301
5238 PRINT * TIsc Io Irec Volte' 'OPTIONAL
]

D UG 1 393 36 36 56 26 26 96 36 T 36 I T 3 H e IE I I I I I T I I I H I IE I I I T I I A I I I I H I IEIE T F I I M e e TN TN

24701 TEMPERATURE DISTRIBUTION FROM TOP TO BOTTOM AS FUNCTION OF 7 IS CONSTANT

24380 Mun=FNMun{(Na, T,Ab0.Abt ,Ab2,Ab3) 'MOBILITIES AS FUNCTION OF T
2490 Mup=FNMup(Nd, T,Bal0.Bal,Ba2,Ba3)

2500 Kbtg=Kb=T !BOLTZMANN"S CONSTANT TIMES TEMPERATURE

2510 Egt=Eggo-(Alphao)=T»T/(T+Betao) !BANDGAP IN EV

2520 Dn=Kbtg*Mun !DIFFUSIGH COEFFICIENT (CM==2)/S

2530 Dp=Kbtg=*Mup '

2540 Ni=(Nia@)*(Nial)=(T"1.5)=EXP(-Egt/(Kbtgx*2)) 'INTRINSIC DENSITY
2550 Vbi=Kb=T=LOG(Na*Nd/(Ni*Ni)) 'BUILT IN VOLTAGE (VOLTS)

2560 Lp=SQR(Dp*Taup) !DIFFUSION LENGTHS (CM)

2570 Ln=SQR(Dn=*Taun?

2580 U2=Dn/Ln 'CM/S

2530 U4=Dp/Lp 1CH/S

2600 Ppo=Na ! DOPING DENSITY CM-3

2610 Nno=Nd ! CM-3

2620 Npo=Ni*Ni/Ppo t CM-3

2630 Pno=Ni*Ni/Nno ' CM-3

2640 U7=Sp/U4 ' NO DIMENSIONS

2650 U9=Sn/U2 ' ! NO DIMENSIONS

2EB0 1 33636 36 3 3696 36 36 2 336 36 I I I 36 I I T I6 I I W T I HE I I I IE I I I I I I T I I I 163636 I I I T I He AT R T HTEII T
2670 ! ’

%ggo ! CALCULATE CURRENT VOLTAGE RELATIONSHIP

| 0!

;2700 '¥****************************************i¥********§***ﬂ*****4&*********
2710 Pmax=0

2720 Maxy=0

2730 PhiO=Wo*Lambda=5.03306E+2 'PHOTONS/CM2-S

2740 Engo=1.2402/Lambda ’ENERGY IN BV

2750 IF (Engo<=1.7) THEN Xkk=(1.3%Engo-1.)+*1,0E-3 !SEE ABOVE FOR Xkk
2760 Dele=Xkk=(T-T0) ! SHIFT IN BANDGAP DUE TO TEMP

2770 E=Engo+Dele ! EV

)°780 Alpha=FNAbso(Nsi ,Esi(»),Asi(=) ,E) ' ABSORPTION COEFFICIENT CM-!
2790 Start: V=V+Delvo 1(VOLTS)

2800 : Icount=Icount+i

2810 Volts(Icount)=V=1.,0E+3 P MILLIVBLTS
2820 IF (Volts(Icount)>Max) THEN Max=Volts(Icount)

2830 Ii=0

2840 Again: Ti=Ii+1

2850 22=(Ii-1)=Delz ! CM

2860 Z1=712+Delz/2 ' CM

2870 IF (Z1>A) THEM GOTO QOver

2880 H2 (2%Epso*(8.85E-14) /@) =(Vbi-W)=(1, /Nd+l /Na) ! CM==2
2830 W=SQR(H2) ! CM
2900 Xn=W=Na/(Nat+Nd) ' CM

2910 Xp=W-Xn ' ! CHM

2920 Ut=(Xj-Xp)/Ln tNO. DIMENSIONS

23930 F1=FNRatio(U1,Sn,U2) tNO DIMENSIONS

2940 U3=(B-Xj-Xm)/Lp 'NO DIMENSIONS

2950 F2=FNRatio(U3.Sp,Ud) INO DIMENSIONS

2960 In=-Ln=F1 : 1CM

2870  Ip=-Lp=fF2 - 1CM

2980 'SHORT CIRCUIT CURRENT ’

2990 VYyl1=Alpha=Z1 , 'NO DIMENSIONS

3000 Yy2=0
3010 IF (Yy1<700) THEN Yy2=EXP(-Yy1)
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3020
3030
3040
3050
3060
30790
3080
3030
3110
3120
3129
3130
3140
3150
3160
3170
3180
3190
3200
3210
3220
3230
3240
3250
3260
3270
3280
3290
3300
3310
3320
3330
3340
3350
3360
3370
3380
3390
3400
3410
3420
3430
3440
3450
3460
3470
3480
3490
3500
3510
3520
3530
3540
3550
3560
3570
3530
3590
3600
3610

Isc=(In+Ip)*Phi0=(1-Re)*Alpha=Yy2=Q YAMPS/CM2
Y8=FNA(VY ,Ni,W,Kb,T,Vbi,Taun, Taup)
Irec=Y8 ! RECOMBINATION CURRENT AMPS/CM2

!************************************i***§****%*********************
!

IPRINT Y8;V iNiiW;Kb;T:Vbi;Taun:Taup ! OPTIONAL PRINT STATEMENT
!

!***f**********************************%**i***********&******ﬂ*******

R32=FNCur(U3,U?7» ! NO DIMENSIONS
Ipd=R32=Pno=Q=U4 1 AMPS/CM==2
18=(X-j-Xp)/Ln ! NO DIMENSIONS
R33=FNCur<u8,uUs) ! NO DIMENSIONS
Ind=R33=Npo*Q=*U2 ! AMPS/CM=x2
Io=(Ipd+Ind) ! AMPS/CM2
Yisc(Ii)=Isc AMPS/CM2
Yidark(Ii>=Io tAMPS/CM2
Yrec(Ili)=Irec 'AMPS/CM2

GOTO Again

!*******************************************i******%*************
!

! NUMERICAL INTEGRATION OF PREVIOUS RESULTS

!

!§************************************************i******ﬁ*ﬁ***ﬁ**

Dver: Irec=0 tAMPS/CM2

Isc=0 'AMPS/CM2

Io=0 'AMPS/CM2

Jki=Ii-2

FOR Ii=1 TO Jki STEP 2
Isc=Isc+(Delz/3.)%(Yisc(Ii)+4*Yisc(Ii+1)+Yisc(Ii+2)»)
Io=Io+(Delz/3.)=(Yidark(Ii)+4=Yidark(Ii+1)+Yidark(Ii+2))
IE§%=§rec+(Delz/3.)*(Yrec(Ii)+4*Yrec(Ii+1)+Yrec(Ii+2))

N i

‘WE INTEGRATE OVER THE HEIGHT OF CELL--UNITS ARE NOW AMPS FOR ALL I°S

?**********************&***********ﬁ****************%ﬁ********iﬁ*%**#*

Ue=V/(Kb*T ! NO DIMENSIONS

!*****************************************i******************i**i*%**§

!
PRINT Isc;lo;lIrec;V 'OPTIONAL PRINT STATEMENT
!

!***§********************************************************ﬁ%%********

IF (Rs=0) THEN GOTO Skip {TEST TO SEE IF SERIES RESISTANCE IS ZERfO
I=FNN1(Rs,V,T,I0,Isc,Irec,Kb,Rsh) I{NONLINEAR CALCULATION OF CURRENT
GUTO Ready :

Skig: I=Isc-Io*(EXP(UB)-1)-Irec-V/(Rsh) t TOTAL CURRENT AMPS
Ready: !

Amps(Icount)=I=1000 !'SAVE FOR PLOTTING CONVERT TO MILLIAMPS

P=1#V IPOWER (HATTS)
!*********************ﬁ**********************************i****%****ﬁi
! FIND MAXIMUM POWER IN WATTS

IF (P>Pmax) THEN Pmax=P

IF (Amps(Icount)>Maxy) THEN Maxy=Amps{(Icount)
IF (I<0) OR (Ybi<V+Delvo) THEN GOTO Finish
IF (V>=.,45) THEN Delvo=Xstep .

GOTO Start
Finish: Amps{(Icount)=0

!*****#*************&***i***********************ﬁ*i***ﬁi*****%&*******

!
'NOW D SOME GRAPHICS
!

!***4&***********i***ﬁ***********************f*****ﬁ*%**********i*****
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3620
3630
3640
3650
3660
3670
36380
3690
3700
3710
3720
3730
3740
3750
3760
3770
3780
3730
3300
3810
3820
3830
3840
3850
3860
3870
3880
3390

33900 .

3910
33920
3930
3940
33850
3960
3970
33980
33990
4000
4010
4020
4030
4040
4050
4060
4070
4080
4030
4100
4110
4120
4130
4140
4150
4160
4170
4130
4130
4200
4210

GCLEAR

DUMP DEVICE IS 701 ! BE SURE TO TURN THE PRINTING DEVICE ON
Y1l=.2*Maxy

Ddy=Maxy/10

WINDOW -¢150),¢1200),-(Y1) Maxy+Yl

FRAME

DEG

AXES 10,<(Ddy>,0,0,10,2,6

!***************************************************************&********

'LABEL AXES  X-AXIS FIRST
'****************************************i**
LORG G

LDIR -390

FOR X_label=0 TO 1200 STEP 100

MOVE X_label,-7%Y1/16

LABEL X_label

NEXT X_label

!§********************************************i*************&********

INOW LABEL Y-AXIS
!************************************ﬂ*******************************
LDORG 8

LDIR O

FOR Y_label=0 TO Maxy STEP Ddy

MOVE 0,Y_label

LABEL DROUND(Y_label,2)

NEXT Y_label

'LORG 5

!********ﬁ************************************************************
!

'LABEL GRAPH
!

!****************************************************************i***

MOVE (350),-(Y1=13/16)
LDIR O

LABEL "MILLIVOLTS"
MOVE -(130),(Maxy/2)
LDIR S0

LABEL "MILLIAMPS"
CSIZE 4

LDIR O

MOVE (-75),-(13=Y1/16)
LABEL "Wo="':Wo

,************ﬁ*******************************************ﬁ****i*
Y

! DRAW THE CURVE

'
!ﬁ************************ﬁ*******************%******i********ﬁ***
MOVE Volts(1),Rmps(1)

FOR Ij=1 T0 Icount

DRAW Volts(Ij),Amps(Ij)

NEXT 1Ij

MOVE 600,1.,05#Maxy

LABEL "SILICON VERTICAL JUNCTION CELL"

MOVE 600, .9=Maxy

LABEL "Rs='":Rs

MOVE 600, .85=Maxy

LABEL "T =":DROUND(T,4

MOVE 600, .8=Maxy

LABEL "Sn=";Sn

MOVE 600, .75=Maxy
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4220
4230
4240
4250
4260
4270
4280
4290
4300
4310

LQBEL l.Sp=.l;Sp

MOVE 500, .7«Maxy

LABEL "Pout=";Pmax

MOVE 500, .65*Maxy

LABEL "Eff=";DROUMD(Pmax=100/Pin,4)
MOVE 500, .6«Maxy

LABEL "Lambda=";lLambda

MOVE 500, 55*Maxy

LABEL ‘Jsc*" DROUND(Isc/B,2} ;" AMP/CM2"
MOVE 500,. S*Haxy

LABEL "Isc=";Isc

MOVE 400, .45*Maxy

LABEL "WIDTH=";B;" THICKNESS=";A

MOVE 500, .4=Maxy
LABEL "Xj=":X3;" Voc=";Volts(Icount)
MOVE 500, .35*Maxy -

. LABEL "Ln="";DROUND(Ln,5>;" Lp=";DROUND(LpP,S)

MOVE 500, .3=%Maxy

LABEL ''Mun='";DROUND(Mun,5);" Mup=";DROUND(Mup,5)
MOVE 500, .25*Maxy :

LABEL "Na='"":Na:" Nd="";Nd

!**************i**************************************************

!

PAUSE {TYPE "DUMP GRAPHICS® IF YOU LIKE WHAT YOU SEE

'
!*****************&**********************************%******************
GCLEAR

WINDOW 0,100,0,100

LORG 5

MOVE 50,50

LABEL "FINISHED WITH PROGRAM"

FOR K=1 T0 5000 - t PAUSE AND THEN CLERR THE SCREEN

NEXT K

GCLEAR

end
!%***************************************ﬁ*****%************i********ﬁ**
! .

! FUNCTIONS USED IN THE PROGRAM

r
'*****¥***************************************&*************************
def FNMun(N3,T,Ab0, ﬁb1 Ab2, Rb3) ! MOBILITY FUNCTION

B1=Abl1=T=T/(N3".66667)
D=N3%B1#(1.-.5%B1)
X1=Ab0=(T"1.5) /D
X2=Ab2=EXP (~Ab3=L0G(T))
R=1./X2+1./X1

RETURN 1./R

FNEND

def FNMup(N4,T,Ba0,Bal,Ba2,Ba3) ! MOBILITY FUNCTION
X1=Ba2=EXP(-Ba3»L06(T))
B1=Bal=T=T/(N4" ,66667)
D=N4xB1=(1,-.5%B1)

- X2=Ba0=(T"1.5)/D

R=1./X2+1./X1

RETURN 1./R

FNEND
'**%**********4*****Q***************#*************4**f***‘*;******(******’
def FNSinh(X) 'HYPERBOLIC SINE

RETURN (EXP(XD-EXP(-X)>)/2

FNEND 8-



1330
1840
1850
1860
1870
1380
1890
1300
1910
1520
1930
1940
1950
1360
1970
1980
1990
000
5010
5020
030
040
050
(60
5070
080
5090
100
3110
120
5130
140
3150
>160
3170
3180
190
5200
210
220
230
240
250
260
3270
1230
32390
1300
3310
1320
330
340
350

360

1370
330
390
400
410
420

def FNCosh(X) 'HYPERBOLOIC COSINE
RETURN (EXP(X)+EXP(-X>)>/2

FNEND

def FNRatio(X1,5,X2) - 'SPECTIAL FUNCTION
IF (X1>230) THEN GOTO Alternative

Fin=(5/FNCosh(X1))-X2«FNTanh(X1)-§
F1d=X2+S=FNTanh(X1)

F1=Fin/F1d

GOTO Next

Alternative: F1=-1
Next: !

RETURN F1

FNEND

P 269 36 36 36 36 36 J6-36 36 36 36 36 36 36 I6 W36 36 I 36 J6- 2 6 T HE 36 I6 I I I I I I I W I IEI6IE I FE I I 6 I I I A IE M I I NI NN e IR
def FNTanh(X) 'HYPERBOLIC TANGENT

IF (X1>230) THEN GOTD Next

F1=(1.-EXP(-2.%X))/(1.,+EXP(-2.%X))
GOTO Ret :
Next: - F1=1
Ret: RETURN F1
FNEND .
def FNCur(A,B> ' QNUTHER RQTID TY°E FUNCTIDN
F1=(B+FNTanh(A))/(B=FNTanh(A)+1.)
RETURN F1
FNEND

def FNNI(Rs,V,T7,Il0,Isc,Irec,Kb,Rsh) ! NONLINEAR EQUATION SOLVER

Ib=Isc-Irec-V/Rsh+Io PINITIAL GUESS AT CURRENT
Kbtg=Kb=T :

UJ=,9999
Start1: Ui=1+Rs/Rsh

F=IbxU=U1-Ib+Io*EXP((VY+UxIb=Rs)/Kbtg)
Fp=+Ib»U1+Io*EXP((V+Ib*U*Rs)/Kbtg)*(Rs=*Ib/Kbtg)

Ut=U-F/Fp ! IMPROVED GUESS BY NEWTONS METHOD
Error=ABS(U1-W 'ITERATE UNTIL ERROR IS LESS THAN E-6
IF (Error<1.0E-6) THEN GOTO End
U=u1 'UPDATE OLD GUESS
GOTO Start! 'DO0 EVERYTHING AGAIN
End: RETURN U1*Ib
FNEND
§ 36 2 36 36 I 36 B I I I I6 I I6 6 I I 6 I I I IE I I I IE I 2 366 I I IE I I I T I I H AW S MWW e I XTI N FE IS W W e S
def FNA(X,Ni,W,Kb,T,Vbi,Taun,Taup) 'RECOMBINATION CURRENT
Y1=(1.6E-13)*PI*Ni=W*FNSinh(X/(2=Kb*T))

Y2=SQR(Taup=*Taun)=(Vbi-X)/(Kb=*T)

Y=¥1/Y2

RETURN Y

FNEND ‘
def FNB(X,Ni,W,Kb,T,Vbi,Taun, Taup) 'DERIVQTIVE DF HBDVE FUN(TLDN
Y1=(1.6E- 19)*PI*N1*N*SQR(Taup*Taun)/(Kb*T)
Y2=C(Vbi-X)/(Kb*T))*FNCosh(X/(Kb*T))»
Y3=FNSinh(X/(Xb=T>)
Y4=Taup*Taun*((Vbi-X)/(Kb*T))"2
Y=Y1=(Y2+Y3)/Y4

RETURN Y=1000

FNEND

def FNAbso(Nsi,Esi{(#*),Asi{=),Energ)
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5440
5450
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5480
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5500
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5520
5530
5540
5550

I=0

IF (Energ<

IF (Energ<
St3: I=I+1

Last3:

Esi(1)) THEN Alpha=0
Esi(1)) THEN Stop3

IF (I>Nsi) THEN Last3

IF (Esi(IY<=Energ) AND (Esi(I+1)>=Energ) THEN Ratio3

GOT0 St3
Alpha=Asi(Nsi)
GOTO Stop3

Ratio3: ﬁlpha=ﬁsi(1)+(ﬁsi(l+1)—Hsi(I))*(Energ-Esi(I))/(Esi(I+1)-Esi(I))

Stop3: !
RETURN Alph
FNEND

I
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Representative output from the program "VJSCP"
illustrating spectral response and current-voltage
relationship for vertical junction photoconverter.

B-12



APPENDIX C

PROGRAM "SC3D" FOR SOLAR CELL
3-DIMENSIONAL '
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PROGRAM SC3D(INPUT,OUTPUT, TAPES=INPUT, TAPE6=OUTPUT, TAPES)
SC3D=SOLAR CELL 3 DIMENSIONAL (ILLUMINATED FROM TOP Z=0)
GREEN’S FUNCTION SOLUTION - SYMMETRIC IN X AND Y

COMMON-BLK1-NDATA,ENERG(25),ALP(25S)
COMMON-BLK2-POW,LAMBDA,NA,ND,B4,SN,SP,S0O,51,RE,RS,RSH,A,B,H
COMMON-BLK3-EPS0,A0,A1,A2,A3,B0,B1,B2,B3,EGGO,ALPHAQ,BETAOQ
COMMON-BLK4-XKKO,MUN,MUP, TAUN,TAUP,DN,DP,PHIO,NI,LN,LP,VBI
COMMON-BLKS“ETAN(200),XIN(200),XIP(200),ETAP(200)
COMMON-BLK6-PI,PI2,Q,2J,T,TO,NIA1,NIA2,TNO, TPO,W,ALPHA
COMMON~-BLK7-NEIGV KB, KBTG,XGRAPH
COMMON-BLK8-VOC,PMAX,EFF,ISC

DIMENSION ENERGS(25),ENERGGA(2S),ENERGGE(25)

DIMENSION ALPS(25),ALPGA(25),ALPGE(2S)

REAL LAMBDA,NA,ND,NIA1,NIA2,MUNMUP,KB,KBTG,LN,LP,NLISC
REAL NIAGE1l,NIAGEZ2,NIAS1,NIAS2,NIAGAL1,NIAGAR

"CALL PSEUDO
NAMELIST VARIABLES

NAMELIST-PARAM-POW,NA,ND,LAMBDA,A,B,H,2J,T,RS,RSH,5N,SP,
1 SO,S1,NEIGV,ITYPE ,LISWITCH

POW = LASER POWER (KW-CM2)
NA=DOCPING DENSITY (CM-3)
ND=DOPING DENSITY (CM-3)
LAMBDA=WAVELENGTH (MICRONS)
A-HALF WIDTH OF X-DIRECTION ( -A .LE. X .LE. A)
B=-HALF WIDTH OF Y-DIRECTION ( -B .LE. Y .LE. B)
H=DEPTH OF CELL IN Z-DIRECTICN ( © .LE. Z .LE. H)
Z2J=JUNCTION DEPTH FROM Z:=0 (CM)
T= TEMPERATURE (DEG K)
RS=SERIES RESISTANCE OHMS
RSH=SHUNT RESISTANCE OHMS
SN=SURFACE RECOMBINATION VELOCITY TOP (CM/S)
SP=SURFACE RECOMBINATION VELOCITY BOTTOM (CM-S)
SO=SURFACE RECOMBINATION VELOCITY TOP SIDES
S1=SURFACE RECOMBINATION VELOCITY BOTTOM SIDES
NEIGV=NUMBER OF EIGENVALUES
ITYPE = TYPE OF MATERIAL
ITYPE =-1 FOR SILICON (SI)
ITYPE = 2 FOR GALLIUM ARSENIDE (GAAS)
ITYPE = 3 FOR GERMANIUM (GE)
ISWITCH TURNS CONTOUR PLOT ON AND OFF
ISWITCH=O0 CONTOUR PLOT IS OFF
ISWITCH=1 CONTOUR PLOT IS ON
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NOMINAL VALUES FOR NAMELIST VARIABLES

POW=.001 $ RE=.05

LAMBDA=1.06 $ ITYPE = 1

TO=300. $ T=300.

RS=0.0 $ RSH:=1.0E®6

SN:=1.0 $3 SP=1.0

S0:=1.0 $ S1=1.0

NA=1.25E17 3$ ND=S.0E19

Az5 3$ B:=.5

H=5.00E-4 $ ZJ=2.5E-4

NEIGV=10

ISWITCH=0O

SILICON PARAMETERS

NDATAS=20

DATA (ENERGS(K).K=1.8‘)/1.1.1.15.1.2‘!,1.378.1.46 1 77.2.067,2.48~7
DATA (ENERGS(K),K=9,15)-2.76,3.1,3.26,3.5,3.6,4.0,4.2~

DATA (ENERGS(K),K=16,20)-5.0,5.2,6.0,8.0,10.0~
DATA (ALPS(K),K=1,7)-1.0,10.0,100.0,350.0,950.0,2.E3,4.5E3~
DATA (ALPS(K),K=8,14)-1.0E4,2.0E4,5.0E4,1.0ES5,1.0E6,1.1E6,1.8E6~
DATA (ALPS(K),K=15,20)-2.5E6,1.9E6,2.0E6,1.5E6,1.3E6,1.1E6~
CONSTANTS FOR MOBILITIES
DATA ASO,AS1,AS2,AS83-65.02,5.72E~-9,2.49E9,2.5~
DATA BSO0,BS1,BS2,BS3-54.46,6.76E-9,2.93E9,2.7~
CONSTANTS FOR BANDGAP AS FUNCTION OF TEMPERATURE
DATA EGGOS,ALPHAOS,BETA0S~-1.16,7.02E-4,1108.07
CONSTANTS FOR INTRINSIC CARRIER DENSITY
DATA NIAS1,NIAS2-4.9E15,1.61~
CONSTANTS FOR LIFETIMES '
DATA TNOS,TP0S,B4-2.79E-4,3.52E-3,7.1E15~
EPS0OS=11.6
GALLIUM ARSENIDE PARAMETERS
ABSORPTION COEFFICIENT .CURVE FOR GAAS
NDATAGA=16

DATA (ENERGGA(K),K=1,8)-1.37,1.38,1.4,1.41,1.42,1.43,1.44,1.5~
DATA (ENERGGA(K),K=9,16)-1.6,1.8,2.0,2.4,3.0,3.5,4.0,4.5~

DATA (ALPGA(K),K=1,8)~18.,32.,119.,175.,2.5E3,4.5E3,6.E3,1.49E4~
DATA (ALPGA(K),K=9,16)-71.8E4,3.E4,4.E4,1.E5,2.E5,3.ES5,4 S.E5~7

CONSTANTS FOR MOBILITIES
DATA AGAQ,AGA1,AGA2,AGA3-5076.11,5.24E-9,6.43E5,1.07
DATA BGAO,BGA1,BGA2,BGA3-1477.3,8.59E-8,6.05E7,2.1~
CONSTANTS FOR BANDGAP
DATA EGGOGA,ALPHGA,BETGA-1.519,5.4E-4,204.”7
CONSTANTS FOR INTRINSIC CARRIER DENSITY
DATA NIAGAL,NIAGA2-4.9E15,0488844~
CONSTANTS FOR LIFETIMES
DATA TNOGA, TPOGA,B4-8.817T9E-7,1.4Q04E~- 771E15/
EPSOGA=13.1
GERMANIUM PARAMETERS
GERMANIUM SO0LAR CELL PARAMETERS
NDATAGE=22



DATA (ENERGGE(K),K=1,8)~.66,.68,.7,.73,.76,.79,.8,.81~

DATA (ENERGGE(K),K=9,16)~.83,.85,.875,.9,,97,1.7,2.6,3.~

DATA (ENERGGE(K),K=z17,22}-3.6,4.,4.4,5.0,6.0,8.~

DATA (ALPGE(K),K=1,8}-1.,10.,20.,60.,100.,600.,1.E3,4.E3~

DATA (ALPGE(K),K=9,16)-5.E3,8.E3,8.5E3,9.E3,1.E4,1.E5,7.E5,8.E5~
DATA (ALPGE(K),K=17,22)71.E6,1.4E6,2.0E6,1.3E6,1.2E6,1.0E6”

DATA AGEO,AGEl,AGE2,AGE3-458.68,7.92E-9,6.08E7,1.66~
DATA BGEO,BGE1l,BGEZ2,BGE3-3140.27,1.79E-7,1.18E9,2.33~
DATA EGGOGE,ALPHGE,BETGE~”.741,4.77TE-4,235.7

DATA NIAGE1,NIAGE2-4.9E15,.33313~

DATA TNOGE, TPOGE,B4-2.1022E-5,2.1007E-5,7.1E15~
EPSOGE=16.

READ IN ANY CHANGES TO THE ABOVE PARAMETERS
USE NAMELIST VARIABLES

aaaaan

LABEL GRAPHICS OUTPUT AND PRINTED OUTPUT
XGRAPH:=0, ‘
100 CONTINUE
READ(5,PARAM)
IF(EQF(S))600,601
600 WRITE(6,603)
603 FORMAT(1X,28HEND OF FILE ENCOUNTERED-STOP )
STOP 1313
601 CONTINUE
C
WRITE(6,110)
110 FORMAT(/”7)
Q=1.6E-19
XKKO=z1.2E-3
PI=3.1415926336
. PI2=PI%.S
KB=8.6172E-5
KBTG=KB«AT
EPSC IS THE PERMITIVITY
XGRAPH:=XGRAPH+1

(@]

SETUP PARAMETERS FOR CORRECT TYPE OF PHOTOCONVERTER MATERIALS
ITYPE = 1 (SD
ITYPE 2 (GAAS)
ITYPE = 3 (GE) :
IF(ITYPE .EQ. 1) WRITE(6,111)
IFCITYPE .EQ. 2) WRITE(6,112)
IF(ITYPE .EQ. 3) WRITE(6,113)
111 FORMAT(1X,25HSILICON PHOTOCONVERTER , 7))
112 FORMAT(1X,35SHGALLIUM ARSENIDE PHOTOCONERTER .,”)
113 FORMAT(1X,2SHGERMANIUM PHOTOCONVERTER . 7))
IF(ITYPE .EQ. 1) GO TO 10 : ‘
IF(ITYPE .EQ. 2) GO TO 20
c . . GERMANIUM DATA GOES HERE
NDATA=NDATAGE
DO 40 I=1,NDATA
ENERG(I)=ENERGGE(D)
40 ALP(I)=ALPGE(I)

aaaaa
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AOzAGEC $ CzZAGEl1l 3 A2=AGE2 $ A3:=-AGEL3
BO=BGEO $ B1:=BGEl $ B2=BGE2 $ B3=BGE3
EGGO=EGGOGE $ ALPHAO=-ALPHGE $ BETAO=BETGE
NIA1=NIAGEl1l $ NIAZ2=NIAGE2

TNO=TNOGE $ TPO=TPOGE

EPSO-EPSOGE

GO TO 30
10 CONTINUE
C SILICON PARAMETERS

NDATA=NDATAS
DO 41 I=1,NDATA
- ENERG(I)=ENERGS(I)
41 ALP(I)=ALPS(I)
AO=AS0O $ Al=AS1 $ A2=AS2 $ A3=zAS3
BO=BSO $ B1i=BS1 § B2=BS2 $ B3=BS3
EGGO=EGGOS $ ALPHAO:=ALPHAOS $ BETAO=BETAOS
NIA1=NIAS1 $ NIA2=NIAS2
TNO=TNOS $ TPO=TPOS

EPSO:=EPSOS
GO TO 30
20 CONTINUE
c GALLIUM ARSENIDE PARAMETERS
NDATA=NDATAGA

DO 42 I:1,NDATA
ENERG(I)=ENERGGA(D)

42 ALP(I)=ALPGA(ID)
AO=AGAO $ A1=AGA1l § A2:AGA2 $ A3:AGA3
BO=BGAO $ B1:BGAL §$ B2:BGA2 $ B3:=BGA3
EGGO:EGGOGA $ ALPHAO:zALPHGA $ BETAO:=BETGA
NIA1:NIAGAL1 $ NIA2:NIAGA2
TNO=TNOGA $ TPO:=TPOGA
EPSO=EPSOGA

30 CONTINUE

C CALCULATE CONSTANTS
CALL CONST

C CALCULATE SPECTRAL RESPONSE
CALL SPEC ‘

C CALCULATE I-V CURVE

CALL IV(LAMBDA)
WRITE(6,199)XGRAPH

199 FORMAT(T20,6HGRAPH ,F3.0 )
WRITE(6,200)ISC,VOC,EFF,RSH,DN,NEIGV

200 FORMAT(-,T2,4HISC=,E12.5,T20,4HV0C=,E12.5,T40,4HEFF=,
1 E12.5,T60,4HRSH=-,E12.5,T80,3HDN=:,E12.5,T99,8HNEIGV = ,IS)
WRITE(6,201)NA,ND,Z2J,S1,DP,NIAL

201 FORMAT(T2,3HNA:,E12.5,T20,3HND=,E12.5,T40,3HZJ=,E12.5,
1T60,3HS1:,E12.5,T80,3HDP5,E12.5,T99,7HNIAL = ,E12.5)
WRITE(6,202)TAUN, TAUP,LN,LP,TNO,NIA2

202 FORMAT(T2,5HTAUN=:,E12.5,T20,5SHTAUP=,E12.5,T40,3HLN=,E12.5,
i1 T60,3HLP:,E12.5,T80,6HTNO = ,E12.5,T99,7HNIAZ = ,El12.5)
WRITE(6,203)A,B,H,S0,TPO ’

203 FORMAT(T2,2HA:-,E12.5,T20,2HB:,E12.5,T40,2HH=,E12.5,T60,3HS0O+,
i E12.5,T80,6HTPO = ,(LE12.5)
WRITE(6,204)MUN,MUP,LAMBDA,POW

204 FORMAT(T2,4HMUN=,E12.5,T20,4HMUP=,E12.5,T40,7THLAMBDA:-,F10.4,
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1T60,4HPOW=-,E12.5 )
WRITE(6,205)T,RS,SN,SP
205 FORMAT(T2,2HT=,E12.5,T20,3HRS=,E12.5,T40,3HSN=,E12.5,
1 T60,3HSP=,E12.5)
WRITE(6,206)W,PMAX,NI,VBI,ALPHA
206 FORMAT(T2,2HW=,E12.5,T20,5HPMAX=-,E12.5,T40,3HNI=,E12.5,
1 T60,4HVBI-E12.5,T80,6HALPHA=,E12.5,777)
C TEST TO SEE IF CONTOUR PLOT IS WANTED
IF(ISWITCH.EQ.1) CALL CONTOUR
GO TO 100
TND '
- SUBROUTINE CONTOUR
C CONTOUR PLOTS OF CURRENT DENSITY
" C VALUES STORED IN AAA AND BBB ARRAYS
DIMENSION AAA(20,20),BBB(20,20)
C AAA IS 20X20 ARRAY OF CURRENT DENSITY VALUES AT X,Y AND Z=2J
C BBB IS 20X20 ARRAY OF CURRENT DENSITY VALUES AT X,Y AND Z=ZJ+W

N=20
.C CALCULATE JP AND STORE IN AAA. FIND AMAX AND AMIN VALUES FOR ARRAY

CALL CDENAB(AAA,BBB,AMAX,AMIN,BMAX,BMIN,N)

C
FINC:O $ NSET=0 $ NHIz-1 $ NDOT=0 , )
C CALCULATE JN AND STORE IN BBB. FIND BMAX AND BMIN VALURS FOR ARRAY
C
c
c PLOT CONTOUR GRAPH OF AAA
CALL CONREC(AAA,N,N,N,AMIN,AMAX,FINC,NSET,NHI,NDOT)
CALL EZTRN
CALL NFRAME
c PLOT CONTOUR GRAPH OF BBB °
CALL CONREC(BBB,N,N,N,BMIN,BMAX,FINC,NSET,NHI,NDOT)
CALL EZTRN
CALL NFRAME
RETURN
_END
SUBROUTINE CDENAB(CAAA,BBB,AMAX,AMIN,BMAX,BMIN,N)
c CALCULATE CURRENT DENSITY AT X,Y COORDINATES SPECIFIED
C PUT RESULTS IN AAA AND BBB ARRAYS
C ALSO FIND MAX AND MIN VALUES OF ARRAY ELEMENTS
DIMENSION AAA(20,20),BBB(20,20)
COMMON~-BLK2-POW,LAMBDA,NA,ND,B4,SN,SP,S0,S1,RE,RS,RSH,A,B,H
COMMON~/BLK4-XKKO,MUN,MUP,TAUN,TAUP,DN,DP,PHIO,NI,LN,LP,VBI
COMMON~-BLK6-PI,PI2,Q,2J,T,TO,NIAL1,NIA2,TNO,TPO,W,ALPHA
c CALCULATE JP(X,Y) AND STORE IN AAA
REAL NA,ND
c CALCULATE JN(X,Y) AND STORE IN BBB
DELX:=2.xA-FLOAT(N+1)
AMIN=5.E5
YWQ:=ZJ+W
AMAX=0.0

DELY=2.xB/FLOAT(N+1)
BMIN=S5.0ES
BMAX:=0.0
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99

100

20
10

aQaaa

20
10

DO 10 J=1.N
WRITE(6,99)
FORMAT(TS5,1HX, T15,1HY,T25,2HZJ,T43,2HJP,TS5,1HX,
1 T65,1HY,T75,4HZJ+W, T93,2HJN )
DO 20 I=1,N
X=-A+IxDELX
Y=-B+JxDELY
CALL SUMIJ(X.Y,XJP,XJN)
WRITE(6,100)X,Y,ZJ,XJP.X,Y,YWQ,XJN
FORMAT(3F10.4,E15.7,3X,3F10.6,E15.7 )
AAA(I,J)=4.0xUxALPHAXPHIOx(1-RE)*xXJP
BBB(I,J)=4.0xQXxALPHAXPHIOX(1-RE)xXJN
IF(AAA(I,J).GT.AMAX) AMAX:=-AAA(ILJ)
IF(AAA(CI,J).LT.AMIN) AMIN=zAAA(I,J)
IF(BBB(I,J).GT.BMAX) BMAX=BBB(I.J)
IF(BBB(I,J).LT.BMIN) BMIN=BBB(I,J)
CONTINUE
CONTINUE
RETURN
END
SUBROUTINE SUMIJ(X,Y.XJP,XJN)
SUM TERMS OF DOUBLE FOURIER SERIES FOR CURRENT
DENSITIES JN AND JP

COMMON-BLK2-POW,LAMBDA,NA,ND,B4,SN,SP,50,51,RE,RS,RSH,A,B,H
COMMON-BLK4-XKKO,MUN,MUP, TAUN,TAUP,DN,DP,PHIO,NI,LN,LP,VBI
COMMON~”BLKS“ETAN(200),XIN(200),XIP(200),ETAP(200)
COMMON-BLK6-PI,PI2,Q,2J,T,TO,NIA1,NIA2,TNO,TPO,W,ALPHA
COMMON~-BLK7-NEIGV,KB,KBTG,XGRAPH

INSERT COMMON BLKS 2,4,5,6,7
REAL NA,ND,MUN,MUP,NI,LN,LP,NIAL1NIACKB,KBTG

XJP=0.0
XJN=0.0
DO 10 I=1,NEIGV
DO 20 J=1,NEIGV
CALL TERNIJ(X,Y,I,J,FPIJ,FNIJ)
XJP=XJP+FPIJ
XJIN=XJN+FNIJ
CONTINUE
CONTINUE
RETURN
END
SUBROQUTINE TERNIJ(X,Y,I,J,FPIJ,FNIJ)
1,J TERM OF DOUBLE FOURIER SERIES

COMMON-BLK2-POW,LAMBDA,NA,ND,B4,SN,SP,SO,51,RE,RS,RSH,A,B,H
COMMON-BLK4-XKKO,MUN,MUP, TAUN, TAUP,DN,DP,PHIO,NI,LN,LP,VBI
COMMON-/BLKS”ETAN(200),XIN(200),XIP(200},ETAP(200)
COMMON-BLK6-PI,PI2,Q,2J,T,TO,NIA1,NIAZ, TNO TPO W ALPHA
COMMON-BLK7-NEIGV,KB,KBTG,XGRAPH ’
REAL NA,ND,LP,LN,NP,NN,MUN,MUP,NI,NIA1,NIA2,KB,KBTG
G(Z)=FUN(-ALPHAxZ)
HH(AAX)=(ALPHAXCOS(AAxX)+AAXSIN(AAXX)) (ALPHAxX A.LPHA+AAXAA)
S(AA,X)=HH(AA,X)-G(2xX)xHH(AA,-X)
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Y1(AA,X)=AAXSINH(X)+COSH(X)
YI4(AA,B,X)=AAx(BXxCOSH(X)+SINH(X)-B)

C FPIJ (TOP REGION) SOLVE FOR JP
UJPNOR=A+(SOXxAxA-/DP)X(COS(XIP(J))/XIP(J))xx2
XMUI=ETAP(I)B
XLAMJI=(XIP(J)”A
DEN2=(XMUIxx2)+(XLAMJxx2)
GIJ2=LPxLP-(1.+LPxLPxDEN2)

GIJ=SQRT(GIJ2)

VIPNOR=: B+(SOXBXB/DP)x(COS(ETAP(I))/}.‘.TAP(I‘nxe
NP=SPxGIJ-DP

XXT=2J-G1J

SPI1= BxSIN(ETAP(I))/ETAP(I)
SPIZ2=AXSIN(XIP(J))-XIP(J)
SPI3=COS(XLAMJxX)UJPNOR
SPI4=COS(XMUIxY)~VIPNOR
SPI6=NPAXSINH(XXT)+COSH(XXT)
Z0=ALPHAXxGIJ~-1
X0=(1-EXP(-XXTxZ20))~2Z0
X1=(1+(NP+1)xX0)-SPI6
X2:=X1-EXP(-ALPHAxZJ)
X3:=1.7(1+ALPHAXGIJ)

GMN=X3xX2
FPIJ=GIJxSPI4xSPI3xSPI2xSPI1xGMN

C CALCULATE FNIJ
HP=H-(ZJ+W)
UJNNOR=A+(S1xAXxA-DNIX(COS(XIN(I))ZXIN(JI))x%x2
VINNOR:=B+(S1xBxB-/DN)*x(COSC(ETAN(I))”ETAN(I))x*2
XMUI=ETAN(I)”B
XLAMJ=XIN(J)ZA
DEN3=(XLAMJ xx2)+(XMUIA%x2)
SIJ2=LNxLN~-(1.+LNxLNxDEN3)

SIJ=SQRT(81J2)
NN=SNxSIJ~-DN
XXB=HP~-S1J
SNI1=BXSINC(ETAN(CI))ZETAN(I)
SNI2zAXSIN(XIN(JI))XIN(JI)
SNI3=COS(XLAMJxX)~UJNNOR
SNI4=zCOS(XMUIxY)~VINNOR
SNIS=YI4(SIJ,NN,XXB)
Z1=EXP(-ALPHAxH) )
Z22=EXP(-ALPHAX(ZJ+W))
Z3=(ALPHAXxSIJ)%xx2
Z4=1.-(23-1)
Z5=NN-ALPHAxSIJ
Z6=NNxALPHAXxSIJ-1
SNI6=COSH(XXB)+NNAxSINH(XXB)
HMN=Z4x(Z1xZ5+22xZ6xSINH(XXB)+Z2x(~-Z5)xCOSH(XXB))
FNIJ=SIJXxSNI1xSNI2«xSNI3xSNI4xHMN--SNI6
RETURN
“END
SUBROUTINE CONST

C CALCULATE CONSTANTS

C .

C CALCULATES OTHER CONSTANTS AND PARAMETERS FOR PROBLEM
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COMMON~-BLK2-POW,LAMBDA,NA,ND,B4,SN,SP,S0,S1,RE,RS,RSH,A,B,H
COMMON-BLK3EPSO,AQ,A1,A2,A3,B0,B1,B2,B3,EGGO,ALPHAO,BETAO
COMMON~-BLK4~XKKO,MUN,MUP, TAUN,TAUP,DN,DP,PHIO,NI,LN,LP,VBI
COMMON-BLK6-PI,PI2,Q,2J,T,TO,NIAL1,NIA2, TNO,TPO,W,ALPHA
COMMON~-BLK7-NEIGV,KB,KBTG,XGRAPH

aa

REAL MUN,MUP,KBTG,KB,LAMBDA,NA,ND,NIA1,NIA2,NI,LN,LP

aaaa

CONVERT WAVELENGTH (MICRONS) TO ENERGY (EV)
ENER=1.2402-LAMBDA .

C CALCULATE BANDGAP AS FUNCTION OF TEMPERATURE -
EGT:EGGO-ALPHAOXT«T~(T+BETAO)

C CALCULATE ENERGY SHIFT DUE TO TEMPERATURE
DELE=XKKOx(T-TO)
EzENER+DELE

C CALCUALTE ABSORPTION COEFFICIENT
CALL ABSORP(E,ALPHA1)

_ ALPHA-ALPHA1

C CALCULATE LIFETIMES
TAUN:=TNO~(1.+NA~B4)
TAUP=TPO-/(1.+ND~B4)

C CALCULATE MOBILITIES
CALL MOBIL(Y1,Y2)
MUN:=Y1 $ MUP:=Y2 .

C CALCULATE DIFFUSION COEFFICIENTS
DN:zKBTG*MUN $ DP=KBTGxMUP

C CALCUALTE DENSITY OF PHOTONS IN PHOTON’S-CM2-S
PHIO=POWXLAMBDAx5.03306E21 °

C CALCULATE INTRINSIC CARRIER DENSITY
POWER=-EGT~(2.xKBTG)
CALL EXPON(POWER,ANS)
NI=NIA1xNIA2*x(Txx1.5)xANS

C CALCULATE BUILT IN VOLTAGE
VBI=KBTGxALOG(NAXND~(NIxNI))
VOLTS=0.0
CALL WIDTH(VOLTS)

C CALCULATE DIFFUSION LENGTHS
LP=SQRT(DPxTAUP) § LN=SQRT(DNxTAUN)

C CALCULATE ALL NECESSARY EIGENVALUES FOR PROBLEM

‘ CALL ESET

RETURN

END :

SUBROUTINE ABSORP(E,ALPHA)

CALCULATE THE ABSORPTION COEFFICIENT FOR GIVEN ENERGY E

aaaqa

COMMON-“BLK1-NDATA,ENERG(25),ALP(25)

Qaon

I1=0
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IF(E.LT.ENERG(1)3GO TO 10
20 CONTINUE
I=1+1
IF(I.GT.NDATA)YGO TO 30
IF((ENERG(I).LE.E)J.AND.(CENERG(I+1) .GE. EJ))GO TO 40
GO TO 20
40 ALPHA:=-ALP(I)+(ALP(I+1)-ALP(I))X(E-ENERG(I))Z(ENERG(I+1)-ENERG(I))
RETURN
10 ALPHA=O.
RETURN
30 ALPHA=ALP(NDATA)
RETURN
END
SUBROUTINE EXPON(X,ANS)
C EXPONENTIAL TERM IN CASE ARGUMENTS GET LARGE
IF(X.LT.-500) GO TO 10
IF(X .GT. 700)GO TO 2O
ANS=EXP(X)
RETURN
10 ANS=0.0
RETURN
20 WRITE(6,30)
30 FORMAT(1X,29H ARG TQO LARGE, EXP FUNCTICN )
STOP 444
END
SUBROUTINE ESET .
CALCULATE EIGENVALUES FOR ORTHOGONAL FUNCTIONS

aaa

COMMON-BLKZ2-POW,LAMBDA,NA,ND,B4,SN,5P,S50,51,RE,RS,RSH,A,B,H
COMMON-BLK4-XKKO,MUN,MUP,TAUN,TAUP,DN,DP,PHIO,NI,LN,LP,VBI
COMMON-/BLKS“ETAN(200),XIN(200),XIP(200),ETAP(200)
COMMON-BLK6-PI,P12,Q,Z2J,T, TO,NIA1,NIA2, TNO, TPC,W,ALPHA
COMMON-BLK7-NEIGV KB,KBTG,XGRAPH ‘

REAL MUN,MUP,NI,LN,LP,NIA1,NIA2,KB,KBTG,NA,ND,LAMBDA

C CALCULATE EIGENVALUES FOR TOP REGION X-DIRECTION
R1=80 % R2:=DP $ R3zA 3§ N4=NEIGV
CALL EIGEN(XIP,R1,R2,R3,N4)

C CALCULATE EIGENVALUES FOR TOP REGION Y-DIRECTION
R1=80 $ R3=B
CALL EIGEN(ETAP,R1,R2,R3,N4Z28hP CALCULATE EIGENVALUES FOR BOTTOM R
R1=81 ¢ Re2=DN $ R3:=A
CALL EIGEN(XIN,R1,R2,R3,N4)

C CALCULATE EIGENVALUES FOR BOJOM REGION
R1=S1 3 R3:=B
CALL EIGEN(ETAN,R1,R2,R3,N4)

RETURN

END

SUBROUTINE  EIGEN(XX, S,D,H,N)
Cc FINDS EIGENVALUES FOR EQUATION TAN(X) = C7X, C=CONSTANT -
C

COMMON-BLK6-PI,PI12,Q,2J,T,TO,NIA1,NIA2,TNO, TPO,W,ALPHA
C . :



REAL - NIAal,NIaZ2

C
DIMENSION XX(200)
F(Z2)=TAN(Z)-C- 2
FP(Z2)=C-(Zx2Z)+1.7(COS(Z)xax2)
C SOLVES EQUATION X«TANX:=C
C N MUST BE .LE. 200
C=8xH- D
IF(C.EQ.0) GO TO 1001
C GQUESS AT FIRST ROOT
X1=PI- 4.
M=z1 $ [C=1
200 Y1=F(X1)
IF(Y1.GT.0)GO TO 10
C Y1 IS NEGATIVE :
X2:=X1
Y2:=Y1
S5 Kl=.Sx(X2+(2xM-1)«xFI2)
Y1=F(X1)
IF(YL.GT.0)GC TO 2¢
C Y1l IS MEGATIVE
®e=X1
Ye=Y1l
GO TO S
10 XK2=z(M-1)*xPI+.83x{X1-(M-1)xPI)
Ye:=F(¥2)
[F(Ye.LT.0)GO TO 20
wl=¥e -
Ti=Y2
GO TO 1O
240 Xz(K1l+K2)-72.
Y=F ()
IFfraB3(Y) .LT. L.CE-5)30 TO 100
[F{¥ LT. C) GC TO 39
“1l=K
1=y
GO TO 2O
2C X2 =X
Ye=Y
GO0 TO 20
1O MNX{IC)= K
MM+ L 3 IC=IC+1
lzx+Pi
IFCIC.GT.M) &G TO 20¢C
Gz TO 2Ge
2OC COMTIMUE
RETUERM
Lot WRITE: 6,234
224 FORMAT(4SHEECOMEBINATICN VELOCITY OF
EMD '
SUBRUOUTIME MOBIL{HMUM, X \[T!P")
: CALCULATE MOBILITIES IM N AMLC P RE

L0y T
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C

COMMON-BLK2-POW,LAMBDA,NA,ND,B4,SN,SP,S0Q,S1,RE,RS,RSH,A,B,H
COMMON~-BLK37EPS0,AQ,A1,A2,A3,B0,B1,B2,B3,EGGO,ALPHAQ,BETAQO
COMMON~-BLK4”XKKO,MUNMUP, TAUN,TAUP,DN,DP,PHIO,NI,LN,LP,VBI
COMMON-BLK6-P1,PI12,Q,2J,T,TO,NIA1,NIA2,TNO, TPO,W,ALPHA

REAL LAMBDA,NA,ND,MUN,MUP,NI,LN,LP,NIA1,NIA2

MOBILITY OF ELECTRONS

RQ=2.-/3.
BB1:=A1xTxT-/(NAxxRQ)
D=NAxBB1x(1.-.5xBB1)
X1=AO0x(Tx%x1.5)7D
2Z=-A3xALOG(T)

CALL EXPON(ZZ,ANS)
X2=A2%xANS

R=1.X2 + 1.7X1
XMUN=1.-R

C MOBILITY OF HOLES

aaa

an

aaOaaQ

ZZZ=--B3xALOG(T)
CALL EXPON(ZZZ,ANS)
X1=B2*ANS '

.BB1=Bi1xTxT/(NDxxRQ)

D=NDxBB1x(1.-.5xBB1)
X2=BOx(TAx1.5)-D
R=1.7X2 +1.7X1
XMUP=1.”R
RETURN
END
SUBROUTINE WIDTH(VOLTS)
CALCULATE WIDTH OF DEPLETION REGION

COMMON~-BLK2-POW,LAMBDA,NA,ND,B4,SN,SP,S0O,S1,RE,RS,RSH,A,B,H
COMMON-BLK37EPS0O,A0,A1,A2,A3,B0,B1,B2,B3,EGGO,ALPHAQ,BETAOQ
COMMON-BLK4XKKO,MUN,MUP, TAUN, TAUP,DN,DP,PHIC,NI,LN,LP,VBI
COMMON-BLK6-PI,PI2,Q,2J,T, TO,NIA1,NIA2,TNO, TPO,¥W,ALPHA
COMMON~-BLK7-NEIGV,KB,KBTG,XGRAPH

REAL KB,KBTG,LAMBDA,LN,LP,MUN,MUP,NA,ND,NI,NIAL,NIA2

ABC=(1.”ND + 1.7NA)
We=(2.xEPSOx(8.85E-14)7Q)x(VBI-VOLTS)%xABC
W=SQRT(W2)
RETURN
END
SUBROUTINE SPEC

CALCULATE SPECTRAL RESPONSE

COMMON-BLK3-7EPS0O,AQ,A1,A2,A3,B0,B1,B2,B3,EGGO, ALPHAO BETAO

CALCULATE SPECTRAL RESPONSE

DIMENSION WAV(200),SP(200),SN(200),SDR(200),SR(200)



I1=0
90 I=I+1
EzEGGO-.05+.025%x(I-1)
IF((E.GT.5.0).0R.(I.GT.200))GO TO 100
WAV(I)=1.24027E
CALL SHORT(S1P,S1N,S1DR,E)
SN(I)=S1N
SP(I)=S1P
SDR(I)=S1DR
SR(I)=S1N+S1P+S1DR
: WRITE(6,80)I,E,WAV(1),S1P,S1N,S1DR
80 FORMAT(IS,SE15.5)
GO TO 90
100 CONTINUE
MAX:=I-1
I=I-1
C NORMALIZE SPECTRAL RESPONSE
XMAX=0,
DO 110 K=1,MAX
IF(SR(K).GT.XMAX)XMAX:=SR(K)
110 CONTINUE
DO 120 K=1,MAX
SN(K)=SN(K)”XMAX
SP(K)=SP(K) XMAX
SDR(K)=SDR(K)“XMAX
SR(K)=SR(K)“XMAX
120 CONTINUE"
C PLOT GRAPH

NXL=20 $ SX=10. ' $ XOFF-=.5
NYL=28 $ SY=10. $ YOFF-=.5
ISYM=0 $ XMIN=O. $° XMAX:=1.2
1EC:=0

CALL GRAPH(WAV,SN,SP,SDR,SR,I)
RETURN

END

SUBROUTINE GRAPH(WAV,SN,SP,SDR,SR,I)

(O GRAPHICS OUTPUT OF PREVIOUS RESULTS FOR SPECTRAL RESPONSE

DIMENSION WAV(200);SN(200),SP(2003,SDR(200),SR(200)
CALL CALPLT(1.5,1.0,-3)

XPG=5.0

XDV=10.0

XTIC=.5

YP@G:=5.0

YDV=10.0

YTIC=.5S

CALL ASCALE(WAV,XPG,I,1,XDV)

CALL ASCALE(SR,YPG,L1,YDV)

CALL AXES(0.,0.,0.,XPG,0.0,WAV(I+2),-XTIC, XDV,
120HWAVELENGTH (MICRONS) ,14,-20)

CALL AXES(0.,0.,90.,YPG,0.0,.2,-YTIC, YDV,

1 28HNORMALIZED SPECTRAL RESPONSE ,.14,28)
SFX=1.-WAV(I+2)

SFY=5.0

CALL CALPLT(WAV(1)XSFX,SN(1)XSFY.,3)
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100

101

102

103

aaoaa

C

C

DO 100 J=1,1

CALL CALPLT(WAV(J)XSFX,SN(J)*SFY.2)
CONTINUE

CALL CALPLT(WAV(1)xSFX,SP(1)xSFY,3)
DO 101 J=1,1

CALL CALPLT(WAV(J)xSFX,SP(J)xSFY,2)

CONTINUE

CALL CALPLT(WAV(l)*SFX SDR(1)xSFY,3)
DO 10e J=1.1
CALL CALPLT(WAV(J)xSFX,SDR(J)*SFY, 2)

CONTINUE

CALL CALPLT(WAV(1)*xSFX,SR(1)xSFY,3)
DO 103 J=1l .
CALL CALPLT(WAV(J)*SFX,SR(JIxSFY,2Y
CONTINUE
CALL CALPLT(O.,6.,~3)
RETURN -
END
SUBROUTINE SHORT(S1P,S1N,S1DR,E)
SHORT CIRCUIT CURRENT

COMMON-BLK2-POW,LAMBDA,NA,ND,B4,SN,SP,S0O,51,RE,RS,RSH,A,B,H
COMMON~-BLK4-XKKO,MUN,MUP,TAUN,TAUP,DN,DP,PHIO,NI,.LN,LP,VBI
COMMON-BLK6-PI,P12,Q,2J,T,TO,NIAL,NIA2, TNO,TPO,W,ALPHA
COMMON-/BLK7-NEIGV,KB,KBTG,XGRAPH

REAL LAMBDA,NA,NDMUN,MUP,NI,LN,LP KB, KBTG,NIAL,NIAR

C CALCULATES THE SPECTRAL RESPONSE COMPONENTS
C CALCULATES DOUBLE SUMMATION OVER I,J

2o
10

aaaa

CALL ABSORP(E,ALP1)
ALPHA=ALP1

S1P=0 $ ©S1N=O

DO 10 I=1,NEIGV

Do 20 J=1,NEIGV

CALL NUMBS(I,J,SNIJ,SPIJ)
S1P=S1P+SPIJ
S1N=S1N+SNIJ

CONTINUE
CONTINUE

CALL EXPON(-ALPHAxZJ,Ql)

CALL EXPON(-ALPHAxW,Q2)

S1DR=Q1x(1.-Q2)x4.xA%xB

RETURN

END

SUBRQUTINE DCURENT(IO)
DARK CURRENT

COMMON-BLK2-POW,LAMBDA,NA,ND,B4,SN,SP,50,51,RE,RS,RSH,A,B,H
COMMON-BLK4~XKKO,MUN,MUP, TAUN,TAUP,DN,DP,PHIO,NI, LN,LP,VBI
COMMON-BLKS5-ETAN(200),XIN(200),XIP(200),ETAP(200)
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COMMON-BLK6-PI,P12,Q,2J,T, TO,NIA1,NIAZ, TNO TPO,W,ALPHA
COMMON/BLK'?/NEIGV KB,KBTG,XGRAPH

REAL NNO,NPO,LAMBDA,NA,ND,MUN,MUP,NI,LN,LP,NIA1,NIA2
REAL KB,KBTG,IO,NN,NP '

¥Y1(X,Z2)=ZxCOSH(X)+SINH(X)
Y2(X.Z)=ZxSINH(X)+COSH(X)
Y¥3(X,2)=(Z+TANH(X))7(1+ZxTANH(X))
C DOPING DENSITIES
PPO=NA
NNO=ND
NPO=NIxNI-PPO
PNO=NIxNI-NNO
SUM1=0 §$ ©SUM2=0
DO 10 1I=1,NEIGV
DO 20 J=1,NEIGV
DEN2=(ETAP(J)/B)xx2 +(XIP(I)7A)xx2
GIJ2:LPxLP-/(1.+LPxLPxDEN2)
GIJ=SQRT(GIJ2)
DEN3=(XIN(I)7A)xx2 +(ETAN(J) B)xxe
SIJe2=LNx«LN-(1.+LNxLNxDEN3)
SIJ=SQRT(SIJ2)
NP=SPxGIJDP $ NN=SNxSIJ-DN
UJIJNNORM=A+(SOxAxA-DNIx(COS(XIN(I))/XIN(JI))xx2
VINNORM:=B+(S1xBxB/DN)I*X{(COSC(ETAN(I))-ETAN(I))%xx%2
F1=SIN(XIN(J)) 3 F2=SINCETAN(I))
HP=H-ZJ-W )
F3z16 x AxAxBxBxQxDNxNIxNI-/(NAxSIJ)
FA4z(F1/XIN{(J)*xxk2 § FS=z(F2-ETAN(I))xx2
F6:=1./(UJNNORMXxVINNORM)
TERMN:z=F3xF4xFSxF6xY3((HP-SIJ),NN)
UJPNORM= A+(SOxAxA/DP)x(COS(XIP(J))/XIP(J))x«2
VIPNORM:=B+(S1xBxB-DP)x(COSC(ETAP(I)NETAP(I))xx%x2
F1=SIN(XIP(J)) $ F2= SIN(ETAP(I))
G316 xAXxAxBxBxQxDPxNIxNI-(NDxGIJ)
G4=(F1-XIP(J))x*x2 $ GS=(Fe-ETAP(I))xx2
G6=1.-(UJPNORMxVIPNORM)
TERMP:=G3xG4xG5%xG6xY3((ZJ~GIJ),NP)
SUM1=-SUM1+TERMN
SUM2:=SUM2+TERMP
20 CONTINUE
10 CONTINUE
I0=SUM1+8UMe2
RETURN
END
SUBROUTINE NUMBS(I,J,SNIJ,SPIJ)
I,J TH TERM OF DOCUBLE FOURIER SERIES

aaaa

COMMON-BLK2-POW,LAMBDA,NA,ND,B4,SN,SP,S0,S1,RE.RS,RSH,A,B,H
COMMON-BLK4-XKKO,MUN,MUP,TAUN, TAUP,DN,DP,PHIO,NI,.LN,LP,VBI
COMMON~-BLKS-“ETAN(200),XIN(200),XIP(200),ETAP(200)
COMMON-BLK6-PI,PI2,Q,2J,T, TO,NIA1,NIA2, TNO, TPO,W,ALPHA
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COMMON~-BLK7-NEIGV,KB,KBTG,XGRAPH

C .
REAL LAMBDA,NA,ND,MUN,MUP,NI,LN,LP,NIA1,NIA2KB,KBTG,NN,NP
EXTERNAL FUN
C
G(Z)=FUN(-ALPHAxZ)
Y1(X,2)=ZxCOSH(X)+SINH(X)
Ya(X,2)=2xSINH(X)+COSH(X)
C
c
C

UJPNOR=A+(SOXxAXxA/DPIX(COS(XIP(IN XIP(J))x%x2
DENR=(ETAP(I)”B)xx2 +(XIP(J) A)xxe
GIJ2=LPxLP-(1.+LPxLPxDENZ2)
GIJ=SQRT(GIJ2)
VIPNOR:=B+(SOxBxB-/DP)x(COS(ETAP(I) ETAP(I))xx2
UJNNOR=A+(S1xAXxA“DNIX(COS(XIN(JI))” " XIN(JI))*xx2
VINNOR:=B+(S1xBxB- DN)X(COS(ETAN(I)) ETAN(I))xx2
DEN3=(XIN(J)7A)xx2 +(ETAN() B)xx2
SIJ2:=LNxLN-/(1.+LNxLNxDEN3)
SIJ=SQRT(S1J2)
NP=SPxGIJ~DP $ NN= SNxSIJ/DN
TEST=(ALPHAAGIJ-1)
IFCABS(TEST).LE..OQ1)GO TO 10
SPIi= 16xALPHAxAxAxBxBxGIJ/(UJPNORxVIPNORx((ALPHAxGIJ)xxa 1)
F4=SIN(XIP(J)) $ FS=SINCETAP(I))
SPI2=((FS5-ETAP(INxx2Ix((F4-XIP(J))xx2)
SPI3=NP+ALPRHAXGIJ-G(ZJI)IXxY1((ZI-GIJ),NP)
SPI4=(8SPI3-Y2((ZJ-GIJ),NP))-ALPHAXxGIJxG(ZJ)
SPIJ=SPI1xSPI2xSPI4
GO TO 40

10 SPIl:léxALPHAxAxAxBxBxGIJ/(UJPNORxVIPNORx(ALPHAXGIJd)).
F4=SIN(XIP(J)) $ FS=SIN(ETAP(I))
SPI2=((FS/ETAP(I))Axx2)%x((F4-XIP(J))xxe)
BX=2J-GIlJ

SUM=BX $ XL=BX

20 RATIO=(1+(NP+1)xSUM)~ (NPxSINH(BX)+COSH(BX))
SPI3=RATIO-G(ZJ)
SPIJ=SPI1xSPI2xSPI3

40 CONTINUE
HP=H-ZJ-¥
GS=SIN(CXINCJID $ G6=SINCETAN(I))
SNI1=16xALPHAXAXAxBxBxSIJXxG((ZJ+W))
SNI2=(GS/XIN(J))xx2 '
SNI3=(G6-ETAN(I))xx2
SNI4=z1.-(UJNNORXVINNOR)
TEST=ALPHAxSIJ-1
IF(ABS(TEST).LE..O01)GO TO 50
SNIS=1.((ALPHAxSIJ)xx2 -1.)
XA=zNNx(COSH(HP-SIJ)- G(HP))+SINH(HP/SIJ)
XB=ALPHAXSIJxG(HP)
SNIS=ALPHAXSIJ-(XA+XB) Y2((HP-SIJ),NN)
SNIJ:=SNI1xSNI2xSNI3xSNI4xSNISxSNI6
RETURN

SO CONTINUE
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BY=HP~-SI1J
SUM=BY

60 RATIO=((NN-1.)xSUM - 1)xG(HP)-(NNxSINH(BY)+COSH(BY))

10

aaogaaa

SNIS=(1.+RATIO) (ALPHAXSIJ+1.)
SNIJ=SNI1xSNI2xSNI3xSNI4xSNIS
RETURN

END

FUNCTION FUN(X)
IF(X.LT.~230)G0 TO 10
FUN:=EXP(X)

RETURN

FUN=zO

RETURN
END

SUBROUTINE IV(WAVE)
CURRENT-VOLTAGE CURVE

CALCULATE CURRENT-VOLTAGE CURVE

COMMON-BLK2-POW,LAMBDA,NA,ND,B4,SN,SP,S0O,S1,RE,RS,RS5H,A,B,H
COMMON/BLK4-XKKO,MUN,MUP, TAUN, TAUP,DN,DP,PHIO,NI,LN,LP,VBI
COMMON-BLKS-“ETAN(200),XIN(200),XIP(200),ETAP(200)
COMMON-BLK6-PI,PI2,Q,2J,T, TO,NIA1,NIA2, TNO, TPO,W,ALPHA
COMMON~-BLK7-NEIGV.,KB,KBTG,XGRAPH
COMMON~-BLK8-VOC,PMAX,EFF,ISC

DIMENSION AMPS(100),VOLTS(100)
REAL 1IREC,IB,IQ,ISC,I
REAL LAMBDA,NA,ND,LN,LP, MUP MUN,NIA1,NIA2,KB,KBTG,NI

C CALCULATE IV CURVE

FFF=QxPHIOx(1-RE)
Ez1.2402-WAVE

ICOUNT=0O $ PMAX=-5
DELVO0=.0125

DELV=.025

C CALCULATE 1ISC (LIGHT CURRENT)

CALL SHORT(S1P,S1N,S51DR,E)
ISC=FFF%(S1P+S1N+S1DR)
V=-DELV

100 CONTINUE

ICOUNT=ICOUNT~+1
V=V+DELV
CALL WIDTH(V)

C CALCULATE DARK CURRENT

CALL DCURENT(IO)
IREC=z49xAxBXxQAxNIAxWxPI2x2xSINH(V-(2xKBTG))
IREC=IREC-(CVBI-V)7KBTG)
IREC-IREC/SQRT(TAUNXTAUP)

C SOLVE FOR 1

U1=1+RS-RSH !
U=.999
IB=ISC-IREC~-V-RSH+IO

VOLTS(ICOUNT)=Vx1000
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110

120

CONTINUE"

Z2=(V+UxIBxRS)“KBTG
F=zIBxUxU1-IB+IOAEXP(Z)
FP=IBxU1+I0x(RSxIB“KBTG)XEXP(Z)
U2=U-F-FP

ERROR=ABS(U2-U)
IFCERROR.LT.1.0E-6) GO TO 120
U=U2

GO TO 110

I=U2x1B

AMPS(ICOUNT)=Ix1000Q

P=IxV

IF(P.GT.PMAX)PMAX:=P
IF((I.LT.0).OR.(VBLLT.(V+DELV)))GO TO 130
IF(V.GT..85) DELV=DELVO -

GO TO 100

130 AMPS(ICOUNT)=0.

i00o

PIN=POWx1000x4xAxB
EFFz=PMAX%100-PIN
VOLTS(ICOUNT)=VOLTS(ICOUNT-1)+DELV~-100.

VOC=VOLTS(ICOUNTY
N=ICOUNT $ YMIN=O $ XMIN:=0O
YMAX=1.2xAMPS(1)
XMAX=1.2xVOLTS(ICOUNT)

NXL=20

NYL=19

ISYM=0 $ §8SX=5.0 $ 8SY=5.0
XQOFF=0.7S $ YOFF=0.75

CALL GRAPHIV(VOLTS,AMPS,ICOUNT)
CALL NFRAME

RETURN

END '

SUBROUTINE GRAPHIV(X,Y.D)

GRAPHICS OF CURRENT-VOLTAGE RESULTS
DIMENSION X(100),Y(100)
COMMON~-BLK7-NEIGV,KB,KBTG,XGRAPH
XPG=5.0
XDV=10.

XTIC=5

YPG:=5.0

YDV=10.0

YTIC=.5

CALL ASCALE(X,XPG,1,1,XDV)

CALL ASCALE(Y,YPG,I,1,YDV)

CALL AXES(0.,0.,0.,XPG,0.0,X(I+2),-XTIC,XDV,
1 20HVOLTAGE (MILLIVOLTS) ,.14,-20)

CALL AXES(0.,0.,90.,YPG,0.0,Y(I+2),-YTIC,YDV,
1 19HCURRENT (MILLIAMPS) ,14,19)
SFX=1.7X(1+2)

SFY=1.-Y(I+2)

CALL CALPLT(X(1)xSFX,Y(1)xSFY,3)

DO 100 J=1,1

CALL CALPLT(X(J)xSFX,Y(J)XSFY.2)

CONTINUE

CALL CALPLT(O.,6.,-3)
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CALL CHARACT(0.0,0.0,.1,5HGRAPH,0.0,5)
CALL WHERE(XX,YY,IXX)

CALL NUMBER(XX+.07,0.,.1,XGRAPH,0.0,-1)
CALL NFRAME

RETURN

END
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FIGURE C1. Representative output from program "SC3D" illustrating the spectral
response, the current-voltage relation and contour plot of current

density in the planes Z=Zj and z=zj+w.
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APPENDIX D

PROGRAM "VSC3D" FOR VERTICAL JUNCTION SOLAR CELL
3-DIMENSTONAL
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PROGRAM VSC3D(INPUT,OQOUTPUT, TAPES=INPUT,TAPE6=OUTPUT.TAPES8)
SC3D=SOLAR CELL 3 DIMENSIONAL (ILLUMINATED FRCM SIDE X:=A)
GREEN’S FUNCTION SOLUTION

COMMON/BLK1/NDATA,ENERG(25),ALP(25)
COMMON-BLK2-POW,LAMBDA,NA,ND,B4,SN,SP,S0O,S1,RE, RS RSH,A,B,H
COMMON-BLK3-EPS0,AQ,A1,A2,A3,B0,B1,B2,B3,EGGO,ALPHAQ,BETAOQO
COMMON-BLK4-XKKO,MUN,MUP, TAUN, TAUP,DN,DP,PHIO,NI,LN,LP,VBI
COMMON-BLKS-ETAN(50),XIN(50),XIP(50)},ETAP(50),XN(50),XP(50)
COMMON-BLK6-PI,PI12,Q,Z2J,T,TO,NIA1,NIA2,TNO, TPO,W,ALPHA
COMMON-BLK7/NEIGV,KB,KBTG,XGRAPH
COMMON~-BLK8-VOC,PMAX,EFF,ISC

COMMON-BLK9-SPTOP,SNBOT

DIMENSION ENERGS(2S),ENERGGA(2S), ENERGGE(ES)

DIMENSION ALPS(25),ALPGA(2S),ALPGE(25)

REAL LAMBDA,NA,ND,NIA1,NIA2,MUN,MUP,KB,KBTG,LN,LP,NL,ISC
REAL NIAS1,NIAS2,NIAGAL1,60>Ics.TTC'TAGEZ2SXxP&K -,+I

CALL PSEUDO
NAMELIST VARIABLES

NAMELIST/PARAM/POW,NA,NII).LAMBDA.A.B,H,ZJ,T,RS,RSH,SN.SP,
1 SO,S1,NEIGV,ITYPE,ISWITCH

POW = LASER POWER (KW-CM2)
NA=zDOPING DENSITY (CM-3)
ND=DOPING DENSITY (CM-3)
LAMBDA=WAVELENGTH (MICRONS)
A=-HALF WIDTH OF X-DIRECTION ( -A .LE. X .LE. A)
B-HALF WIDTH OF Y-DIRECTION ( -B .LE. Y .LE. B)
H=DEPTH OF CELL IN Z-DIRECTION ( O .LE. Z .LE. H)
Z2J=JUNCTION DEPTH FROM Z:=0 (CM)
T= TEMPERATURE (DEG K)
RS=SERIES RESISTANCE OHMS
RSH=SHUNT RESISTANCE OHMS
SN=SURFACE RECOMBINATION VELOCITY TOP (CM-5)
SP=SURFACE RECOMBINATION VELOCITY BOTTOM (CM-S)
SO=SURFACE RECOMBINATION VELOCITY TOP SIDES
S1=SURFACE RECOMBINATION VELOCITY BOTTOM SIDES
NEIGV=NUMBER OF EIGENVALUES
ITYPE = TYPE OF MATERIAL
ITYPE = 1 FOR SILICON (SI)
ITYPE =2 FOR GALLIUM ARSENIDE (GAAS)
ITYPE = 3 FOR GERMANIUM (GE)
ISWITCH TURNS CONTOUR PLOT ON AND OFF
ISWITCH=0O , CONTOUR PLOT IS OFF
ISWITCH=1 CONTOUR PLOT IS ON
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NOMINAL VALUES FOR NAMELIST VARIABLES

POW=.001 $ RE=.05
LAMBDA=. 8 $ ITYPE = 1
TO=300. $ T=300.
RS=0.0 $ RSH=1.0E6
SN=1.0 $ SP=1.0
S0=1.0 ¢ S1=1.0
NA=1.2SE17 $ ND=S.0E19
A=.5S $ B=.500
H=5.00E-4 $ 2ZJ=2.5E-4
NEIGV=15

ISWITCH=1

SILICON PARAMETERS
NDATAS=20
DATA (ENERGS(K),K=1,8)-1.1,1.15,1.24,1.378,1.46,1.77,2.067,2.48~
DATA (ENERGS(K),K=9,15)72.76,3.1,3.26,3.5,3.6,4.0,4.2~7
DATA (ENERGS(K),K=16,20})-5.0,5.2,6.0,8.0,10.0~
DATA (ALPS(K),K=1,7)-1.0,10.0,100.0,350.0,950.0,2.E3,4.5E3”
DATA (ALPS(K),K=8,14)-1.0E4,2.0E4,5.0E4,1.0ES5,1.0E6,1.1E6,1.8E6~
DATA (ALPS(X),K=15,20)-2.5E6,1.9E6,2. OEG 1.5E6,1.3E6,1.1E67
CONSTANTS FOR MOBILITIES
DATA ASO,AS1,AS82,A83765.02,5.72E-9,2.49E9,2.5~”
DATA BSO0,BS1,B52,BS3-54.46,6.76E-9,2.93E9,2.7~
CONSTANTS FOR BANDGAP AS FUNCTION OF TEMPERATURE
DATA EGGOS,ALPHAOS,BETA0S-1.16,7.02E-4,1108.7
CONSTANTS FOR INTRINSIC CARRIER DENSITY
DATA NIAS1,NIAS2-4.9E15,1.61~
CONSTANTS FOR LIFETIMES
" DATA TNOS, TP0OS,B4-1.86E-4,3.52E-3,7.1E15~
EPS0OS=11.6
GALLIUM ARSENIDE PARAMETERS
ABSORPTION COEFFICIENT CURVE FOR GAAS
NDATAGA=16

DATA (ENERGGA(K),K=1,8)~1. 37 1.38,1.4,1.41,1.42,1.43,1.44,1.57
DATA (ENERGGA(K),K=9,16)-1.6,1.8,2.0,2.4,3.0,3.5,4.0,4.57

DATA (ALPGA(K),K=1,8)-18.,32.,119.,175.,2.5E3,4.5E3,6.E3,1.4E4~
DATA (ALPGA(K),K=9,16)-1.8E4,3.E4,4.E4,1.E5,2.E5,3.E5,4.E5,5.E5~”

CONSTANTS FOR MOBILITIES
DATA AGAO,AGA1,AGA2,AGA3-5076.11,5.24E-9,6.43E5,1.0~7
DATA BGAO,BGA1,BGA2,BGA3-1477.3,8.59E-8,6.05E7,2.1~
CONSTANTS FOR BANDGAP
DATA EGGOGA,ALPHGA,BETGA-1.519,5.4E-4,204.”
CONSTANTS FOR INTRINSIC CARRIER DENSITY
DATA NIAGAL,NTAGAZ2-4.9E15,.0488844~
CONSTANTS FOR LIFETIMES
DATA TNOGA,TPOGA,B4-8.8179E-7,1.404E-7,7.1E15~
EPSO0GA=13.1
GERMANIUM PARAMETERS
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C GERMANIUM SOLAR CELL PARAMETERS
NDATAGE=22
DATA (ENERGGE(K),K=1,8)~.66,.68,.7,.73,.76,.79,.8,.81~
DATA (ENERGGE(K),K=9,16)~-.83,.85,.875,.9,.97,1.7,2.6,3.7
DATA (ENERGGE(K),K=17,22)73.6,4.,4.4,5.0,6.0,8.~
DATA (ALPGE(K),K=1,8)-1.,10.,20.,60.,100.,600.,1.E3,4.E3~
DATA (ALPGE(K),K=9,16)75.E3,8.E3,8.5E3,9.E3,1.E4,1.E5,7.E5,8.E5”
DATA (ALPGE(K),K=17,22)71.E6,1.4E6,2.0E6,1.3E6,1.2E6,1.0E67

C
DATA AGEO,AGEl,AGE2,AGE3-458.68,7.92E-9,6.08E7,1.66~
DATA BGEO,BGE1,BGER2,BGF3-32140.27,1.79E-7,1.18E9,2.33~
DATA EGGOGE,ALPHGE,BETGE~”.741,4.77TE-4,235.7
DATA NIAGE1,NIAGE2-4.3E15,.33313~
DATA TNOGE, TPOGE,B4-2.1022E-5,2.1007E-5,7.1E15~
EPSOGE=16. '

C

C READ IN ANY CHANGES TO THE ABOVE PARAMETERS

C
XGRAPH:=C.

100 CONTINUE
READ(S5,PARAM)
IF(EQOF(5))600,601
600 WRITE(6,603)
603 FORMAT(1X,28HEND OF FILE ENCOUNTERED~-STOP )
STOP 1313
601 CONTINUE
C
WRITE(6,110)
110 FORMAT( )
Q=1.6E-19
XKKO=1.2E-3
PI=3.1415926536
PI2=PIx.5
KB=8.6172E-5
KBTG=KBxT
EPSO IS THE PERMITIVITY
XGRAPH=XGRAPH+1

Q

SETUP PARAMETERS FOR CORRECT TYPE QF PHOTOCONVERTER MATERIALS
ITYPE = 1 (SI)
ITYPE = 2 (GAAS)
ITYPE = 3 (GE)
IF(ITYPE .EQ. 1) WRITE(6,111)
IF(ITYPE .EQ. 2) WRITE(6,112)
IF(ITYPE .EQ. 3) WRITE(6,113)
111 FORMAT(1X,25HSILICON PHOTOCONVERTER s 7))
1ie FORMAT(1X,35HGALLIUM ARSENIDE PHOTOCONVERTER ,”)
113 FORMAT(1X,2SHGERMANIUM PHOTOCONVERTER » 7))
IF(ITYPE .EQ. 1) GO TO 10
IFAQTYPE .EQ. 2) GO TO 20
C GERMANIUM DATA. GOES HERE
NDATA=NDATAGE
DO 40 I=1,NDATA
ENERG(I)=ENERGGE(D
40 ALP(I)=ALPGE(I)
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41

42

AOzAGEO $ Al1:zAGEl $ A2:AGE2 $ A3:AGE3
BO=BGEO $ B1:BGE1 $ B2:BGE2 $ B3:=BGE3
EGGO:=EGGOGE $ ALPHAO:=ALPHGE $ BETAO=BETGE
NIA1=NIAGELl $ NIA2:NIAGE2
TNO=TNOGE $ TPO=TPOGE
EPSO=EPSOGE
GO TO 30
CONTINUE
SILICON PARAMETERS
NDATA=NDATAS
DO 41 I=1,NDATA
ENERG(I):ENERGS(I)

-~ ALP(I)z=ALPS(I)

AO=ASO $ Al1l=AS1 §$§ A2=AS2 $ A3=AS3
B0O=BSO % B1=BS1 - $ B2=BS2 $ B3=BS3
EGGO=EGGOS $ ALPHAO=ALPHAOS $ BETAO=BETAOS
NIA1=NIAS1 3$ NIAZ2=NIAS2
TNQO=TNOS $ TPO=TPOS
EPSO=EPSOS
GO TO 30
CONTINUE
GALLIUM ARSENIDE PARAMETERS
NDATA=-NDATAGA
DO 42 I=1,NDATA
ENERG(I)=ENERGGA(I)
ALP(I)=ALPGA(I)
AO=AGAO 3$ Al=AGAl $ A2=AGA2 $ A3=AGA3
BO=BGAO $ Bl1l=BGAl1l $ B2=BGA2 $ B3=BGA3
EGGO=EGGOGA '$ ALPHAO=-ALPHGA $ BETAO=BETGA
NIA1=NIAGAl $ NIA2=NIAGA2
TNO=TNOGA $ TPO=TPOGA
EPSO=EPSOGA
CONTINUE
CALCULATE CONSTANTS
CALL CONST
CALCULATE SPECTRAL RESPONSE
CALL SPEC
-CALCULATE I-V CURVE
CALL IV(LAMBDA)
WRITE(6,199)XGRAPH

139 FORMAT(T20,6HGRAPH ,F3.0 )

200

201

202

203
1 E12.5,T80,6HTPO = ,E12.5)

204

WRITE(6,200)ISC,VOC,EFF,RSH,DN,NEIGV
FORMAT(-,T2,4HISC=,E12.5,T20,4HV0OC=,E12.5,T40,4HEFF=,
1 E12.5,T60,4HRSH=E12.5,T80,3HDN=,E12.5,T99,8HNEIGV = ,I5)
WRITE(6,201)NA,ND,Z2J,S1,DP,NIA1
FORMAT(T2,3HNA:,E12.5,T20,3HND=,E12.5,T40,3HZJ=,E12.5,
1T60,3HS1-,E12.5,T80,3HDP=,E12.5,T99,7HNIA1 = ,(,E12.5)
WRITE(6,202)TAUN,TAUP,LN,LP,TNO,NIA2
FORMAT(T2,5HTAUN=,E12.5,T20,5HTAUP=:,E12.5,T40,3HLN=,E12.5,
1 T60,3HLP=,E12.5,T80,6HTNO = ,[E12.5, T99 THNIAZ = E12 5)
-WRITE(6,203)A;B,H,850,TPO - : =
FORMAT(T2,2HA=,E12.5,T20,2HB= Ela 5, T‘IO 2HH=,E12.5,T60, 3HSO-,

WRITE(6,204)MUN,MUP,LAMBDA,POW,SPTOP
FORMAT(T2,4HMUN=,E12.5,T20,4HMUP=,E12.5,T40,THLAMBDA=,F10.4,
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1T60,4HPOW=,E12.5 ,T80,6HSPTOCP= ,LbE12.5 )
WRITE(6,205)T,RS,SN,5P,SNBOT

205 FORMAT(Te,2HT=,E12.5,T20,3HRS=,E12.5,T40,3HSN:,E12.5,
1 T60,3HSP-,E12.5,T80,6HSNBOT= ,E12.5 )
WRITE(6,206)W,PMAX ,NI,VBI,ALPHA

206 FORMAT(T2,2HW=,E12.5,T20,5HPMAX=,E12.5,T40,3HNI=,E12.5,
1 T60,4HVBI:,E12.5,T80,6HALPHA=E12.5,7~ /)
IF(ISWITCH .EQ. 1) CALL CONTOUR
GO TO 100
END

SUBROUTINE CONTOUR

DIMENSION AAA(40,40),BBB(40,40)
C AAA IS 40X40 ARRAY OF CURRENT DENSITY VALUES AT X,Y AND Z=2J.
C BBB IS 40X40 ARRAY OF CURRENT DENSITY VALUES AT X,Y AND Z:=ZJ+W N
C

N=40
C CALCULATE JP AND STORE IN AAA. FIND AMAX AND AMIN VALUES FOR ARRAY
C :

CALL CDENAB(AAA,BBB,AMAX,AMIN,BMAX,BMIN,N)

CALCULATE JN AND STORE IN BBB. FIND BMAX AND BMIN VALURS FOR ARRAY

AAA ARE VALUES OF XJP
BBB ARE VALUES OF XJN

aaogaaoaaaaa

PLOT CONTOUR GRAPH OF AAA

CALL CONREC(AAA,N,N,N,AMIN,AMAX,0,0,-1,0)
CALL EZTRN

CALL NFRAME

. WRITE(6,199)

199 FORMAT(sr777)

C PLOT CONTOUR GRAPH OF BBB

C

CALL CONREC(BBB,N,N,N,BMIN,BMAX,0,0,~1,0)
CALL EZTRN

- CALL NFRAME

RETURN

END

SUBROUTINE CDENABCAAA,BBB,AMAX,AMIN,BMAX,BMIN,N)
COMMON-BLK2-POW,LAMBDA,NA,ND,B4,SN,SP,50,S1,RE,RS,RSH,A,B,H
COMMON~-BLK4XKKO,MUN,MUP, TAUN, TAUP,DN,DP,PHIO,NI,LN,LP,VBI
COMMON-BLK6-PI,P12,Q,2J,T,TO,NIAL,NIAZ2, TNO, TPO,W,ALPHA
REAL NA,ND,LAMBDA,LN,LP,MUN,MUP,NI,NIAL,NIA2

DIMENSION AAA(40,40),BBB(40,40)

C CALCULATE JP(X,Y) AND STORE IN AAA
C CALCULATE JN(X,Y) AND STORE IN BBB

DELX=2.xA“FLOAT(N+1)

AMIN=5.ES

AMAX=z0.0

DELY=2.xB/FLOAT(N+1)

YWQ=ZJ+W



WRITE(6,99)
99 FORMAT(TS,1HX,T15,1HY,T25,2H2J,T43,2HJP,TS55,1HX,
1 T65,1HY,T75,4HZJ+W,T93,2HJN )
BMIN=S5.0ES
BMAX=0.0
DO 10 J=1,N
DO 20 I=1,N
==A+IxDELX
Y=-B+JxDELY
CALL SUMIJ(X,Y,XJP,XJN)
AAA(I,J)=2.0xQxALPHAXPHIOX(1-RT)xXJP
BBB(I1,J)=2.0xQxALPHAXPHIOXx(1-RE)xXJN
' WRITE(6,100)X,Y,2J,AAA(I,J),X,Y,YWQ,BBB(I,J)
100 FORMAT(1X,3F10.4,E15.7,3X,3F10.6,E15.7)
IF(AAA(I,J).GT.AMAX) AMAX:=zAAA(I.J)
IF(AAA(L,J).LT.AMIN) AMINzAAA(I,J)
IF(BBB(I,J).GT.BMAX) BMAX=BBB(I,J)
IF(BBB(I,J).LT.BMIN) BMIN=BBB(I,J)
20 CONTINUE
10 CONTINUE

RETURN
END
SUBROUTINE SUMIJ(X,Y,XJP,XJN)

c g
COMMON-BLK2-POW,LAMBDA,NA,ND,B4,SN,SP,SO,51,RE,RS,RSH,A,B,H
COMMON-BLK4-XKKO,MUN,MUP, TAUN, TAUP,DN,DP,PHIO,NI,LN,LP,VBI
COMMON-BLK6-P1,P12,Q,2J,T,TO,NIA1,NIA2, TNO, TPO,¥W,ALPHA
REAL NA,ND,MUN,MUP,NI,LN,LP,NIA1,NIA2KB,KBTG,LAMBDA

c .

XJP:=0.0
XJIN=0.0

DO 10 I=1,NEIGV
DO 20 J=1,NEIGV
.CALL TERNIJ(X,Y,I,J,FPIJ,FNIJ)
XJP=XJP+FPI1J
XJIN=XJIN+FNIJ
20 CONTINUE
10 CONTINUE
RETURN
END

SUBROUTINE TERNIJ(X,Y,I,J,FPIJ,FNIJ)
COMMON~-BLK2-POW,LAMBDA,NA,ND,B4,SN,SP,S0,S1,RE,RS,RSH,A,B,H
COMMON~-BLK4-XKKO,MUN,MUP, TAUN,TAUP,DN,DP,PHIO,NI,LN,LP,VBI
COMMON-BLKS~7ETAN(50),XIN(50),XIP(50),ETAP(50),XN(50),XP(50)
COMMON~-BLK6-PI,PI2,Q,2J,T,TO,NIA1,NIA2,TNO,TPO,W,ALPHA
COMMON-BLK7-NEIGV,KB,KBTG,XGRAPH
REAL NA,ND,MUN,MUP,NI,LN,LP,NIA1,NIA2,KB,KBTG
REAL LAMBDA
EXTERNAL FUN

G(Z)=FUN(-ALPHAxZ)

C FPIJ (TOP REGION) N-REGION
WJIPNOR=.5xZJ-.25xSIN(2xXP(J))*xZJ-XP(J)

D-7



XMUI=ETAP(I)”B
XLAMJ=(XP(J)~2J
DEN2=(XMUIxx2)+(XLAMJxx2)
GlJe=LPxLP-(1.+LPxLPxDENZ2)
GIJ=SQRT(GIJ2)

CC=ALPHAxXALPHAxGIJ2-1
VIPNOR=B+(SOxBxB/DP)x(COS(ETAP(I))”ETAP(I))xx2
SPIL=BxSIN(ETAP(I)})“ETAP(I)
SPI2=2Z2J*x(1.-COS(XP(JI)) XP(J)
SPI3=XLAMJ”WJPNOR
SPI4=COS(XMUIxY)-VIPNOR

CALL SUB1(X,A,GI1J,SO,PP,ALPHA,CC,SPIS)
FPIJ=SPI1xSPI2xSPI3xSPI4xSPIS
CALCULATE FNIJ BOTTOM REGION (P-REGION) EVALUATE AT Z=ZJ+W
HP=H-(2J+W)
WINNOR:=z.5SxHP-.25xSIN(2xXN(JN*xHP-XN(J)
VINNOR=B+(S1xBxB-/DN)}x(COS(ETAN(I)) ETAN(I))*xx2

XMUI=ETAN(I)”B

XLAMJ=XN(J)~HP

DEN3=(XLAMJIxx2)}+(XMUIxx2) '

SIJ2=LNxLN-7(1.+LNxLNxDEN3)

S1J=SQRT(S1J2)

EE-ALPHAxXALPHAxSIJ2-1

SNI1=BxSIN(ETAN(I))”ETAN(I)

SNIZ2=HPx(1.-COS(XN(JIN)I XN(JI)

SNI3=XLAMJ-”WJNNOR

SNI4=COS(XMUIxY)”VINNOR
CALL SUB1(X,A,S1J,S1,DN,ALPHA,EE,SNI5)

FNIJ=SNI1xSNI2xSNI3xSNI4xSNIS

RETURN

END

SUBROUTINE SUB1(X,A,GIJ,SO,DP,ALPHA,CC,SPIS)
EXTERNAL FUN

Ge=GIJxGIJ

G1=80-DP

AB1=G1-ALPHA

AB2:=G1+ALPHA
AO=G2xAB1XxEXP(-2.xAxXALPHA)~CC
Al=AO0XxGIJxG1

A2=G2xAB2-CC

A3=-A2xGl1JIxG1

B0O=2.xG1

B1=(1.7GIJ)+G1xG1xG2
H=ALPHAx(X-A)
Q1=TANH(2.xA~GIJ)
R1=-G2xBOXEXP(H)~-CC
R2=(-GQIJx(1+G1xG1xG2)XxEXP(H)”CC)IxQ1
ARGl:=-(X+A)-GIJ
ARG2=(X-3xA)”GIJ
ARG3=(X~-A)7GIJ
ARG4=-(X+3xA)7GIJ
DEN=1+FUN(ARG4)
R3=A0x(FUN(ARG1)+FUN(ARGR2))DEN
R4-A1x(FUNCARG1)-FUN(CARG2))DEN
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aaaan

RS=A2x(FUNCARG3)+FUN(ARG4))“DEN
R6:zA3x(FUN(ARG3)-FUN(ARG4))”DEN
SPIS=(R1+R2+R3+R4+R5+R6)7(BO+B1xQ1)
RETURN

END

SUBROUTINE CONST

CALCULATES OTHER CONSTANTS AND PARAMETERS FOR PROBLEM

COMMON-BLK2-POW,LAMBDA,NA,ND,B4,SN,5P,S0,51,RE,RS,RSH,A,B,H
COMMON-BLK37EPS0O,AQ0,A1,A2,A3,B0,B1,B2,B3,EGGO,ALPHAQ,BETAQC
COMMON-/BLK4/XKKO,MUN,MUP, TAUN, TAUP,DN,DP,PHIO,NI,LN,LP,VBI
COMMON-BLK6-PIL,PI12,Q,2J,T,TO,NIA1,NIA2,TNO, TPO,W,ALPHA
COMMON-BLK7-NEIGV.KB,KBTG,XGRAPH

REAL MUN,MUP,KBTG,KB,LAMBDA,NA,ND,NIA1,NIA2,NI,LN,LP

CONVERT WAVELENGTH (MICRONS) TO ENERGY (EV)
ENER=1.2402”LAMBDA

CALCULATE BANDGAP AS FUNCTION OF TEMPERATURE
EGT=EGGO-ALPHAOXxTxT/(T+BETAQ)

CALCULATE ENERGY SHIFT DUE TO TEMPERATURE
DELE=XKKOx(T-TO)
E-ENER+DELE

CALCUALTE ABSORPTION COEFFICIENT
CALL ABSORP(E,ALPHAL)
ALPHA=ALPHA1

CALCULATE LIFETIMES
TAUN=TNO-(1.+NA-B4)
TAUP=TPC-(1.+ND-B4)

CALCULATE MOBILITIES
CALL MOBIL(Y1,Y2)
MUN=Y1 $ MUP=Y2

CALCULATE DIFFUSION COEFFICIENTS
DN=KBTGxMUN $ DP=KBTGxMUP

CALCUALTE DENSITY OF PHOTONS IN PHOTON'S-CMe-S
PHIO=POWxLAMBDAx5.03306E21

CALCULATE INTRINSIC CARRIER DENSITY
POWER:=-EGT/(2.xKBTG)
CALL EXPON(POWER,ANS)
NI=NIA1xNIA2x(Txx1.5)xANS

CALCULATE BUILT IN VOLTAGE
VBI=KBTG*xALOG(NAxND~-(NIxNI))
VOLTS=0.0
CALL WIDTH(VOLTS)

CALCULATE DIFFUSION LENGTHS
LP=SQRT(DPXxTAUP) $ LN=SQRT(DNxTAUN) ‘

CALCULATE ALIL NECESSARY EIGENVALUES FOR PROBLEM
CALL ESET
RETURN
END
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[oNoN]

20

40
10

30

10
20
30

SUBROUTINE ABSORP(E,ALPHA)

COMMON~-BLK1“NDATA,ENERG(25),ALP(25)

1=0
IF(E.LT.ENERG(1))GO TO 10
CONTINUE
I=I+1
IF(I.GE.NDATAYGO TO 30
IF((ENERG(I).LE.E).AND.(ENERG(I+1) .GE. EJX)GO TO 40
GO TO 20
ALPHA=ALP(I)+(ALP(I+1)-ALP(I))X(E-ENERG(I))(ENERG(I+1)-ENERG(I))
RETURN
ALPHA=O.
RETURN
. ALPHA=ALP(NDATA)
RETURN
END

SUBROUTINE EXPON(X,ANS)
IF(X.LT.-500) GO TO 10
IF(X .GT. 700)GO TO 20
ANS=EXP(X)
RETURN
ANS=z0.0
RETURN
WRITE(6,30) :
FORMAT(1X,29H ARG TOO LARGE, EXP FUNCTION )
STOP 444 : .
END

'SUBROUTINE ESET

COMMON~-BLK2-POW,LAMBDA,NA,ND,B4,SN,SP,S0,S1,RE,RS,RSH,A,B,H
COMMON~-BLK4-XKKO,MUN,MUP, TAUN, TAUP,DN,DP,PHIO,NI,LN,LP,VBI
‘COMMON~-BLKS~-“ETAN(S50),XIN(S50)},XIP(50),ETAP(50),XN(50),XP(50)
COMMON-BLK6-PI,PI12,Q,2J,T,TO,NIA1,NIA2, TNO, TPO,W,ALPHA
COMMON-BLK7-NEIGV,KB,KBTG,XGRAPH

REAL MUN,MUP,NI,LN,LP,NIA1,NIA2,KB,KBTG,NA,ND,LAMBDA

CALCULATE EIGENVALUES FOR TOP REGION X-DIRECTION
R1=80 $ R2:=DP $ R3=A $ N4:=NEIGV
CALL EIGEN(XIP,R1,R2,R3,N4)

CALCULATE EIGENVVALUES FOR TOP REGION Z-DIRECTION
R1=SP $ R2:=DP $ R3=ZJ
CALL EIG(XP,R1,R2,R3,N4) :

CALCULATE EIGENVALUES FOR TOPphLGION Y-DIRECTION
R1=8S0 $ R3=B
CALL EIGEN(ETAP,R1,R2,R3,N4)

CALCULATE EIGENVALUES FOR BOTTOM REGIION

D-10



R1=S1 $ R2:DN $ R3:=A
CALL EIGEN(XIN,R1,R2,R3,N4)

C CALCULATE EIGENVALUES BOTTOM REGION Z-DIRECTION
R1=SN $ R2:DN $ R3:=H-2J-W
CALL EIG(XN,R1,R2,R3,N4)

C CALCULATE EIGENVALUES FOR BOTTOM REGION
R1=S1 $ R3:=B
CALL EIGEN(ETAN,R1,R2,R3,N4)
WRITE(6,99)(XIP(J),J=1,N4)
"WRITE(6,98)
WRITE(6,99)(ETAP(J),J=1,N4)
WRITE(6,98)
WRITE(6,99)(XIN(J),J=1,N4)
WRITE(6,98)
WRITE(6,99)(ETAN(J),J=1,N4)
WRITE(6,98)

WRITE(6,99) (XP(J).J=1,N4)
WRITE(6,98)
WRITE(6,99) (XN(J),J=1,N4)
WRITE(6,98)

99 FORMAT(1X,(SE15.6))

98 FORMAT(/”)

‘ RETURN
END

SUBROUTINE EIG(XX,5,D,H,N)
DIMENSION XX(50)
DOUBLE PRECISION X,X1,X2,Y.Y1,Y2,PIL,PI2
F(Z)z1+CxZxDCOS(Z)DSIN(Z)

C N MUST BE LESS THAN 50O
C=D/(SxH)
PI=3.141592653589793¢2
PI12=.5xPI

C XX=ETAJxZJUNCTION
IF(S.LE.O)GO TO 1001

C GUESS AT FIRST ROOT
X1=Pl2 )
M=1 § IC:=1

200 Y1=F(X1)
IF(Y1L.GT.0)GO TO 10

"C Y1 IS NEGATIVE, DECREASE X
X2=X1 $ Ye=Y1

S X1=.Sx(X2+(2xM-1)YxPI2)
Y1=F(X1)
IF(Y1.GT.0) GO TO 20

C Y1 IS NEGATIVE
Xe=X1 $ Ye=Y1
GO TO S

10 CONTINUE .

C Y1 IS POSITIVE, INCREASE X

- -K2=5x(X1+MxPI)

Ye=F(X2)
IF(Y2.LT.0) GO TO 20
X1=X2 $ Y1i=Ye
GO TO 10
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ORIGINAL PAGE i
OF POOR QUALITY

r
O

X=(X1+X2) 2.
C=F(X)
IF(DABS(Y) .LT. 1L.0E-8) GO TO 100
IF(Y.LT.0) GO TO 30
¥1=X $ Y1l:=Y
GO TO 20
30 Xe:=X
Yo=Y
GO TO 20
100 COMTINUE
- 22=X
KX(IC)=ZZ
Mz=M+1 3 IC:=IC+1
¥1=X+PI
IF(IC.GT. N) GO TO 308
GO TO 200
308 RETURN
1001 WRITE(6,234)
234 FORMAT(1X,4SHRECOMBINATION VELOCITY OF ZERQ NOT ALLOWED )

END

SUBROUTINE EIGEN(CXX, S,D,H.N)
- COMMONI"BLKB"PI,PIE.Q.ZJ,T,TO.NIA1.NIAE.TI\IO,.TPO,W,A'LPHA
© REAL NIA1iNIAZ
C

DIMENSION XX(50)
F(Z)=TAN(Z)-C-Z
C SOLVES EQUATION XsTANX=z=C
C M MUST BE .LE. 200
Cz8xH-D :
IF(C.EQ.Q0) GO TO 100t
C GUESS AT FIRST ROOT
X1=PI- 4.
M=-1 $ IC=1
200 Y1:=F(X1)
[F(Y1.GT.0)GO TO 10
C ¥1 IS NEGATIVE
X2=X1
Y2s=vrl
) K1z, Sx(X2+(2xM-1)*«PI2)
Y1=F(X1)
IFCYL.GT.Q)GO TO 20
C Y1 IS NEGATIVE '
¥2:=X1
Yes=yvi
GO TO S
N2z(M-1)«Pl+.8%x(X1-(M-1)xPI)
Y2:F(X2)
IF(YZ.LT.0)YGO TO =20
Kl=Xe
Y1=Y¥2
GO TO 1O

Xz(Xl1+Xe)y~ 2.

—
3

(1Y)
O
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30

100

308

1001

Y=F(X)

IFCABSCY) .LT. 1.0E-6)GO TO 100
IF(Y .LT. 0) GO TO 30

X1=X

Yi=Y

GO TO 20

Xa2=X

Ye=Y
GO TO 20 -

XX(IC)=X

M=M+1 $ IC=IC+1
X1=X+PI

IF(IC.GT.N) GO TO 308
GO TO 200

CONTINUE

RETURN
WRITE(6,234)

234 FORMAT(‘!SHRECOMBINATION VELOCITY OF ZERO NOT ALLOWED

aaa

C
C

C

END

SUBROUTINE MOBIL(XMUN,XMUP)

COMMON~-BLK2-POW,LAMBDA,NA,ND,B4,SN,SP,S0O,51,RE,RS,RSH,A,B,H
COMMON-BLK3-EPS0,AQ0,A1,A2,A3,B0,B1,B2,B3,EGGO,ALPHAO,BETAO
COMMON-BLK4-XKKO,MUNMUP, TAUN, TAUP,DN,DP,PHIO,NI,LN,LP,VEI
COMMON~-BLK6-PI,P12,Q,2J,T,TO,NIA1,NIA2, TNO, TPO,W,ALPHA

REAL LAMBDA,NA,ND,MUN,MUP,NI,LN,LP,NIA1,NIA2

C MOBILITY OF ELECTRONS

RQ=2.73.

BB1:zA1xTxT- (NAXx%xRQ)
D=NAxBB1x(1.-.5xBB1)
X1=AOx(Txx1.5)-D
Z2Z=-A3%xALOG(T)

CALL EXPON(ZZ,ANS)
X2=A2xANS

R=1.7X2 + 1.-¥X1
XMUN=1.R

C MOBILITY OF HOLES

Z2Z=~-B3xALOG(T)

CALL EXPON(ZZZ,ANS)
X1=B2xANS .
BB1:=B1xTxT/(NDxxRQ)
D=-NDxBB1x(1.-.5xBB1)
X2=BOx(Txx1.83)D

‘R=1.7X2 +1.-X1

XMUP=1.”R
RETURN
END
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SUBROUTINE WIDTH(VOLTS)

COMMON-BLK2-POW,LAMBDA,NA,ND,B4,5N,SP,S0O,S1,RE,RS,RSH,A,B,H
COMMON-BLK3-7EPSC,AQ,A1,A2,A3,B0,B1,B2,B3,EGGO,ALPHAO,BETAQ
COMMON-BLK4-XKKO,MUN,MUP,TAUN, TAUP,DN,DP,PHIO NI,LN,LP,VBI
COMMON~-BLK6-PI,PI2,Q,2J,T, TO,NIAL1,NIA2,TNO, TPO,W,ALPHA
COMMON-BLK7-NEIGV,KB,KBTG,XGRAPH

REAL KB,KBTG,LAMBDA,LN,LP,MUN,MUP,NA,ND,NI,NIA1,NIA2

ABC=(1.-ND + 1.7NA)
W2=(2.xEPSOx(8.85E-14)7Q)x(VBI-VOLTS)xABC
W=SQRT(W2)

RETURN

END

SUBROUTINE SPEC

CALCULATE SPECTRAL RESPONSE

COMMON-BLK2-POW,LAMBDA,NA,ND,B4,SN,SP,SO,S1,RE,RS,RSH,A,B,H
COMMON~-BLK3-EPS0O,AQ,A1,A2,A3,B0,B1,B2,B3,EGGO,ALPHAQ,BETAQ
COMMON-BLK4-XKKO,MUN,MUP, TAUN,TAUP,DN,DP,PHIC,NI,LN,LP,VBI
COMMON-BLK6-PI,PI2,Q,2J,T,TO,NIA1,NIA2,TNO, TPO,W,ALPHA
COMMON~-BLKS-/SPTCOP,SNBOT

REAL LAMBDA.NA.ND.MUN,MUP,NI.LN.LP.NIAl,NIAE
DIMENSION WAV(200),SSP(200),SSN(200),SR(200)

SPTOP=-1.

" SNBOT=-1.

1=0

I=I+1

E-EGGO-.15+.025x(I-1)
IF((E.GT.5.0).0R.(I.GT.200))GO TO 100
WAV(I)=1.2402~7E
FFF=WAV(I)*xQxPOWx(5.03306E21)x(1-RE)
PIN=2xBxHxPOWx1000.

CALL SHORT(S1P,S1N,E)
SSN(I)=S1INxFFF-PIN
SSP(I)=S1PxFFF~-PIN
SR(I}=SSN(I)+sSSP(D)

GO TO 90

100 CONTINUE

MAX=I-1

I=I-1

NORMALIZE SPECTRAL RESPONSE
XMAX:=0.

DO 110 K=1,MAX
IF(SR(K).GT.XMAX)XMAX=8SR(K)

110 CONTINUE

DO 120 K=1,MAX
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SSN(K)=SSN(K)”XMAX
SSP(K)=SSP(K)”XMAX
SR(K)=SR(K)’XMAX
IF(SSN(K) .GT. SNBOT) SNBOQT=SSN(K)
IF(SSP(K) .GT. SPTOP) SPTOP=SSP(K)

120 CONTINUE

C PLOT GRAPH
CALL GRAPH(WAV,SSN,SSP,SR,I)
RETURN ‘
END

SUBROUTINE GRAPH(WAV,SN,SP,SR,I)
DIMENSION WAV(200),SN(200),SP(200),SR(200)
CALL CALPLT(1.5,.75,-3)
XPG=5.0
XDV=10.0
XTIC=5
YPG=5.0
YDV=10.0
YTIC=.5
CALL ASCALE(WAV,XPG,I,1,XDV)
CALL ASCALE(SR,YPG,I,1,YDV) :
CALL AXES(0.,0.,,0.,XPG,0.0,WAV(I+2),-XTIC, XDV,
120HWAVELENGTH (MICRONS) ,.14,-20)
CALL AXES(0.,0.,90.,YPG,0.0,.2,-YTIC,YDV,
1 28HNORMALIZED SPECTRAL RESPONSE ,.14,28)
SFX=1.-WAV(I+2)
SFY=5.0
CALL CALPLT(WAV(1)xSFX,SN(1)xSFY,3)
DO 100 J=11
CALL CALPLT(WAV(J)xSFX,SN(J)xSFY,2)
100 CONTINUE :
CALL CALPLT(WAV(1)xSFX,SP(1)xSFY,3)
DO 101 J=1,1
CALL CALPLT(WAV(J)XSFX,SP(J)xSFY,2)
101 CONTINUEL
CALL CALPLT(WAV(1)xSFX,SR(1)xSFY,3)
DO 103 J=1,1
CALL CALPLT(WAV(J)xSFX,SR(J)xSFY,2)
103 CONTINUE
CALL CALPLT(O.,6.,-3)

RETURN
END
SUBROUTINE SHORT(S1P,S1N,E)

C

C

C
COMMON-BLK2-POW,LAMBDA,NA,ND,B4,SN,SP,S0O,S1,RE,RS,RSH,A,B,H
COMMON/BLK4-XKKO,MUN,MUP, TAUN, TAUP,DN,DP,PHIO;NI,LN,LP,VBI
COMMON~-BLK6-PI,PI12,Q,2J,T,TO,NIA1,NIA2,TNO,TPO,W,ALPHA
COMMON~-BLK7-NEIGV,KB,KBTG,XGRAPH

C
REAL LAMBDA,NA,ND,MUN,MUP,NI,LN,LP,KB,KBTG,NIALNIAZ2

C
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C CALCULATES THE SPECTRAL RESPONSE COMPONENTS
C CALCULATES DOUBLE SUMMATION OVER ILJ

20
10

aOaOa

CALL ABSORP(E,ALP1)
ALPHA=zALP1

S1P=0 $ S1IN=0

DO 10 I=1,NEIGV

DO 20 J=1,NEIGV

CALL NUMBS(I,J,SNIJ,SPIJ)
S1P=S1P+SPIJ
S1N=S1N+SNIJ

OMNTINUE

_CONTINUE

RETURN .
END

SUBROUTINE DCURENT(IO)

COMMON-BLK2-POW,LAMBDA,NA,ND,B4,SN,SP,S0O,51,RE,RS,RSH,A,B,H
COMMON-BLK4-XKKO,MUN,MUP, TAUN, TAUP,DN,DP,PHIO,NI,LN,LP,VBI
COMMON/BLKS-“ETAN(50),XIN(50),XIP(50),ETAP(50),XN(50),XP(50)
COMMON-BLK6~-PI,PI12,Q,2J,T,TO,NIAL,NIA2,TNO, TPO,W,ALPHA
COMMON~BLK7-NEIGV,KB,KBTG,XGRAPH

REAL NNO,NPO,LAMBDA,NA,ND,MUN,MUP,NI,LN,LP,NIAL,NIA2
REAL KB,KBTG,IO,NN,NP

Y1(X,Z)=ZxCOSH(X)+SINH(X)
Y2(X,Z2)zZxSINH(X)+COSH(X)
Y3(X.2)= (Z+TANH(X))/(1+ZXTANH(X))

DOPING DENSITIES

PPO=NA

NNQ=ND

NPO=NIxNI-PPO

PNO=NIxNI-NNO

SUM1=0 $ SUM2:=0

DO 10 I=1,NEIGV

DO 20 J=1,NEIGV

DENR=(ETAP(J) B)xx2 +(XIP(I)7A)xx2
GIJ2:=LPxLP-(1.+LPxLPxDENZ2)

GIJ=SQRT(GIJ2)

DEN3=(XIN(I)7AYxx2 +(ETAN(J)”B)xx2
SIJ2=LNxLN-(1.+LNxLNxDEN3)

SIJ=SQRT(SIJ2)

NP=SPxGIJDP $ NN=SNxSIJ- DN
UJNNORM:=A+(SOxAxADN)IX(COS(XIN(JIN)XIN(JI))xx2
VINNORM:=B+(S1xBxB-DN)YX(COSCETAN(I))”ETAN(ID)xx2
F1=SIN(XIN(J)) $ F2=SINC(ETAN(I))
HP=H-ZJ-W

F3:16xAxAxBxBxQxDNxNIxNI-(NAxSIJ)

"F4=(F1/XIN(J))xx2 $ FS=(F27ETAN(I))xx2

F621.-(UJNNORMxVINNORM)
TERMN:=F3xF4xFSxF6xY3((HP-SIJ),NN)
UJPNORM:=A+(SOXxAxA- DP)Ix(COS(XIP(J)) XIP(J))x*2
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VIPNORM:=B+(S1xBxB-”DP)Xx(COS(ETAP(I))”ETAP(I))xx2
F1=SIN(XIP(J)) $ F2= SIN(ETAP(I))
G3z16xAxAxBxBxQxDPxNIxNI-(NDxGIJ)
G4=(F1-XIP(J))xx2 $ GS=(F27ETAP(I))xx2
G6z1.”(UJPNORMXVIPNORM)
TERMP:=G3xG4xG5xG6xY3((ZJ-GIJ),NP)
SUM1=SUM1+TERMN -
SUM2=SUM2+TERMP

20 CONTINUE

10 CONTINUE
10=SUM1+SUM2
RETURN
END

SUBROUTINE NUMBS(I,J,SNIJ,SPIJ)

aaa

COMMON-BLK2-POW,LAMBDA,NA,ND,B4,SN,SP,S0,S1,RE,RS,RSH,A,B,H
COMMON~-BLK4~-XKKO,MUN,MUP, TAUN,TAUP,DN,DP,PHI1O,NI,LN,LP,VBI
COMMON~“BLKS-ETAN(50),XIN(50),XIP(50),ETAP(50),XN(50),XP(50)
COMMON-BLK6~-PI,PI2,Q,2J,T,TO,NIA1,FIQ2, TNO, TPO,W,ALPHA
COMMON/BLK7-NEIGV KB, KBTG,XGRAPH

REAL LAMBDA,NA,ND,MUN,MUP,NI,LN,LP,NIA1,NIA2,KB,KBTG
K KKK I I A K I I I KKK KK H KK I I KK KT e, KKK I KK KKK KR KR IR KR K KKK KKK

aaa

WJIPNOR=.5x2J~.25xZJxSIN(2xXP(J))”XP(J)
DEN2=(ETAP(I)/B)xx2 +(XP(J)72ZJI)xx2
GIJ2=LPxLP~-(1.+LPxLPxDEN2)
GIJ=SQRT(GIJ2)
VIPNOR:= B+(SOxBxB/DP)x(COS(ETAP(I))/ETAP(I))xxE
HP:=H-ZJ-W )

WJINNOR=.5xHP-.25xHPxSIN(2xXN(J)) XN(JI)
VINNOR=B+(S1xBxB/DN)x(COS(ETAN(I))ETAN(I))xx2
DEN3=(XN(J)7HP)xx2 +(ETAN(I)”B)xx2
S1J2=LNxLN~-(1.+LNxLNxDEN3)
S1J=SQRT(S1J2)
XLAMJ=XP(J)-2J
SPI1=4xBxBxXLAMJ-”WJPNOR
SPI2=2ZJ%(1-COS(XP(JN)I-XP(J)
SPI3=(SIN(ETAP(I))”ETAP(I))xx2
CC=ALPHAXALPHAxGIJ2-1
AA=A '
AALP-ALPHA
DPP=DP
SS0:=S0
DD=GIJ~CC
CALL INTEG(AA,AALP,GIJ,CC,DPP,SSO,SPI4)
SPIJ=ALPHAXSPI1xSPI2xSPI3xSPI4-(VIPNOR)

C xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
SNI1=4xBxB
XLAMJ=XN(J)HP
SNI2=HPx(1-COS(XN(J))I”XN(J)

C -3



SO

100

200

SNI3=(SINCETAN(I))”ETAN(I))*xx2
EE-ALPHAXALPHAxSIJ2-~1 i
SS0=81

DPP=DN

SNI4=XLAMJ-WJNNOR

CALL INTEG(AA,AALP,SI1J,EE,DPP,SSO,SNIS)
SNIJ=ALPHAXSNI1xSNI2ASNI3xSNI4xSNIS-(VINNOR)
RETURN '

END

SUBROUTINE INTEG(AA.AALP,GIJ,CC,DP,SO,SPI4)
ARG1=2xAA-GIJ

ARG2=2xAAxXAALP

CALL EXPON(-ARGZ2,ARG3)
ARG4=1-ARG3 $ ARGS5=z1+ARG3
ARGH=GIJxx4

DP2=DPxDP

GIJ2=GIJxGIJ

S02:=80xS0

IF(AALP.LE.O)GO TO 200
Al1l1=~-2xSOxGIlJ2-(AALPxDP)
Al12:=:AALPxSOxARG6-/DP
A13=S02xARG6-7(DP2)
Al1=((A11+A12)*ARG4+A13xARGS5)7CC
CC=ALPHAXALPHAXxGIJ2-1
B11=~-GIJx(1+S02xGIJ2-(DP2)) AALP
Bi12=AALPXx(GIJxx3)
B13=5S0x(GIJ%xx3)7DP
B1=((B11+B12)*ARG4+B13xARGS5)~-CC
C11=-SOxAALPXxARG6-DP
C12:=-S02*xARG67(DP2)
C1=(C11xARG4+C12xARG5)~CC .,

B=(1.7GI1J)+(S02xGIJ-(DP2))

A=2xS0-DP

R=TANH(ARG1)

IFC(ARG1.GT.700) GO TO 100
SPI4:z(A1+B1xR+C17COSH(ARG1))7(A+BxR)
RETURN

SPI4=(A1+B1xR)“(A+BxR)

RETURN

CONTINUE
A11=-4xSOxGIJ2xAA-DP
A12=2xS02xARG6-DP2
Al=(Al11+A12)-CC
B11=-GIJ2x(1+S02xGIlJ2/DP2)*x2xAA
B12=SOxGIJxGIJ2x2-DP
Bl1=(B11+B12)-CC
C1=-S02xARG6x27/(DP2xCC)
GO TO 50

END
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FUNCTION FUN(X)
IF(X.LT.-230)G0O TO 10
FUN=EXP(X)
RETURN
10 FUN:=O
RETURN
END

SUBROUTINE IV(WAVE)

CALCULATE CURRENT-VOLTAGE CURVE

aaoa

COMMON-/BLK2-PCW,LAMBDA,NA,ND,B4,SN,SP,SC,51,RE,RS,RSH,A,B,H
COMMON-BLK4-XKKO,MUN,MUP, TAUN, TAUP,DN,DP,PHIO,NI,LN,LP,VBI
COMMON/BLK5-ETAN(S0),XIN(50),XIP(50),ETAP(50),XN(50),XP(50)
COMMON-BLK6-PI,PI2,Q,2J,T,TO,NIA1,NIA2,TNO, TPO,W,ALPHA
COMMON~-BLK7-NEIGV,KB,KBTG,XGRAPH
COMMON~-BLK8-VOC,PMAX,EFF,ISC

DIMENSION AMPS(100),VOLTS(100)
REAL IREC,IB,10,ISC,I ’
REAL LAMBDA,NA,ND,LN,LP,MUP,MUN,NIA1,NIA2,KB,KBTG,NI

C CALCULATE IV CURVE
FFF=QxPHIOx(1-RE)

E=1.2402/WAVE

ICOUNT:=0O $ PMAX=-5
DELVO0=.0125

DELV=.025

Vv=-DELV

100 CONTINUE
ICQUNT=ICOUNT+1
V=V+DELV
CALL WIDTH(V) -

C CALCULATE 1ISC (LIGHT CURRENT)
CALL SHORT(S1P,S1N,E)
YA1l=FFFxS1P
YA2=FFFxS1N
ISC=YA1+YA2

C CALCULATE DARK CURRENT
CALL DCURENT(IO) ,
IRECz4xAxBxQxNIxWxPI2x2xSINH(V-/(2xKBTG))
IREC=IREC-((VBI-V)KBTG)
IREC=IREC/SQRT(TAUNXTAUP)

C SOLVE FOR 1
U1=1+RS-“RSH
U=.999
IB=ISC~IREC-V~-RSH+IO

VOLTS(ICOUNT)=Vx1000

110 CONTINUE

2=(V+UxIBxRS)“KBTG

F=zIBxUxU1-IB+IOXEXP(Z)

FP=IBxU1+I0Ox(RSxIB-KBTG)XEXP(Z)

Ue=U-F-/FP :

D-19



ERROR:=ABS(U2-U)
IFCERROR.LT.1.0E-6) GO TO 120
U=Ue
GO TO 110
120 I=Ue2xIB
AMPS(ICOUNT)=I%x1000
WRITE(6,99)ISC,IO,IREC,V,YA1l,YA2
99 FORMAT(1X,6E15.7)
P=IxV ;
IF(P.GT.PMAX)PMAX:=P
IF((I.LT.0).OR.(VBI.LT.(V+DELV);3G30 TO 130
IF(V.GT..85) DELV=DELVO
- @0 TO 100
130 AMPS(ICOUNT)=0.
PIN=POWx1000x2xBxH
VOC=KBTGxALOG(1.+(ISC~IREC)~IO)
EFF=PMAXx100~-PIN
IF(ICOUNT .GT. 1) VOLTS(ICOUNT)=VOLTS(ICOUNT-1)+DELV~-100.
IF(ICOUNT .EQ. 1) VOLTS(ICOUNT)=VOC
CALL GRAPHIV(VOLTS,AMPS,ICOUNT)
CALL NFRAME
RETURN
END

SUBROUTINE GRAPHIV(X,Y.,D
DIMENSION X(100),Y(100)
COMMON-BLK7-NEIGV,KB,KBTG,XGRAPH
XPG=5.0
XDV=10.
XTIC=5
YPG=5.0
YDV=10.0
YTIC=.5
CALL ASCALE(X,XPG,I,1,XDV)
CALL ASCALE(Y,YPG,L1,YDV)
CALL AXES(0.,0.,0.,XPG,0.0,X(I+2),-XTIC, XDV,
1 20HVOLTAGE (MILLIVOLTS) ,.14,-20)
CALL AXES(0.,0.,90.,YPG,0.0,Y(I+2),-YTIC, YDV,
1 19HCURRENT (MILLIAMPS) ,14,19)
SFX=1.7X(1+2)
SFY=1.7Y(1+2)
CALL CALPLT(X(1)xXxSFX,Y(1)XSFY,3)
DO 100 J=1,1
CALL CALPLT(X(JIASFX,Y(J)xSFY,2)
100 CONTINUE
CALL CALPLT(OQ.,6.,-3)
CALL CHARACT(0.0,0.0,.1,5HGRAPH,0.0,5)
CALL WHERE(XX,YY,IXX)
CALL NUMBER(XX+.07,0.,.1,XGRAPH,0.0,-1)
CALL NFRAME
RETURN
END
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FIGURE D1. Representative output from the program "VSC3D" illustrating the

spectral response, the current-voltage relation and contour plots
of the current density in the planes Z=Zj and z=zj+w.
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FIGURE Di. (c) Contour plot of current density in plane ZJ-. Jp(x,y) = constant.
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FIGURE D1. (d) Contour plot of current density in plane Z5+W.
J,(x,y) = constant.
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