RICE UNIVERSITY

EFFECT OF DIMENSIONS ON THE EFFICIENCY
OF BADIANT ENERGY CELLS

by

SHENG SAN LI

A THESIS SUBMITTED IN PARTIAL FULFILLMENT OF

THE REQUIRMENTS FOR THE DEGREE OF
MASTER OF SCIENCE IN ELECTRICAL ENGINEERING

Thesis Directort!s Signature:

Sl A
/ LN

Houston! Texas

May, 1966




ABSTRACT

EFFECT OF DIMENSIONS ON THE EFFICIENCY OF RADIANT ENERGY

CELLS

SHENG SAN LI

This work deals wlth the enhencement of the quantum

efficiency and photovoltailc energy conversion efficiency
of a P=N semiconducting cell by optimlzing the dimensions
of the cell. Based on the Shockley~Read statistlcs a general
expression for the gquantum efflciency of monochromatic incident
radiant energy photons has been derived In terms of the
absorption coefficient of the incident photons, the minority
carrler diffuslon length, the bullt-in electrostatic field
appearing in diffused cells and the surface recombination
velocity in the exposed layer of the cell. Although the
expressions derived may be used for all semiconducting P-N
cells, speclal efforts have been made in the analyslis and
the computations of the Germanium P-N cell. The Germenium
cells show a great potential for photovoltalc energy con-
version from radiant energy sources other than the sun.
The results for Germenium indicate that the gquantum efficiency

strongly depends upon the thicknesses of the exposed and

base layers. The built-in electrostatic field and the surfeace



recombination veloclty in the exposed layer influence

the quantum efficlency greatly. Optimization studies for
the thicknesses of the exposed azne base layers of a N-P
type Germanium for different valueg of minority carrier
diffusion length, bullt-in electrostatic field and surface

recombination velocity have been worked out.
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SECTION I

I-1 Introduction

Photoveoltale phenomenon hes been known for more than
e century. The usge of thls phenomenon in converting solar
radiation energy directly into electrical energy gained
importance after the development of a Silicon P-N Jjunction
cell by Chapin, Fuller and Pearson.(l) Shockley and Quisser
(2) computed and upper theoretical limit of 30 % for the
conversion efficiency of & P~N Silicon cell..This theoretical
upper limit for the conversiorn efficlency is still far from
reality. Solar cells &t present are commercially availvble
with a conversion efficiency of 10 - 14 Z.

A number of investigations into the collection efficiency
and svectral response of photovoltaic cells and photo-diodes
have been carried out in recent years.(2-7) The investigation
in this work was encouraged by Jain's recent works on the
conversion efficlency of a Germanium P-N cell from radiant
energy sources other than the sun. (8) In his works he had
calculated the quantum efficiency and the photovoltaic
conversion efficlency of a Germanium cell by confining the
penetration of incident radiant photons to the recglon of
the exposed layer and by assuming that there are no built-in
electrostatic field and no surfece effects in the cells.

In Wolfls recent work the effects of built-in drift field

and surface states on the collection efficiency of a Silicon
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solar cells had been worked out.(17) The work of this thesis
deals with the enhancement of the quantum efficlency and
the photovoltalc conversion efficlency of a Germanium P-N
cell by optimization of the dimensions of the cell under
various condltlons.

Instead of using solar energy as a radlant energy source,
radiant energy suitable for photovoltaic energy conversion
can be obtasined from incandescent sources burning fossil or
nuclear fuels. This idea was first proposed by Algrain.(1ll)

The output density with such radiant sources depends
upon the temperature and the characteristics of the source
and a2lso of the cell selected. The power density with such
sources may be many order of magnitude higher than that
available from the sun on the surface of the earth. A black
body radlation source at 2000 9% radiates a total pover
density of 91 watts/cmz which is essential in this type
of conversion to transfer the unused radiant energy. The
cell may be placed very close to the sourde and even wlth
a low efficlency cell much larger power density then that
of sun can be obtained. We will discuss in detail in the
following sections some basic theories of P-N junction,
selection of radiant sources, optimization of the gquantum
efficiency and the photovoltaic energy conversion efficlency

of a N~P type Germanium cell.
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I-2 Radlant energy source:
A radiant energy source radiating at a temperature
Tg elther as a black body or a gray body emitter emits pho=
tons of a2ll energy in accordance with the Planck,s radlancy

equation:

Wy= £Cq .« 1 wa‘ot.s/cm?-cm‘ - 'Ai‘fI-ol)
Co |
Tﬁ"s -1
where Cl ‘end 02 are constants
't is the emissivity of the emltter

A radlant energy source emits photons of all wavelehgbhs
i‘:‘a:a)\'= 0to \=c The number of photons absorbed per unit area
-per second in the wavelength interval A and A+AA 18 AQ and
is given by:

| o £Cq X
AQ W,‘ 'ﬁ'é"Ax ho .o 0427\ (I 2) ’
e ATg -1

The total number of photons ebsorbed per unit ares in the

wavelength interval from 0 toXis given by:

A -4
fdez = FC1AT/he g5 / en?  (Z~3)
-] Ca
ﬁ's -l
If the radlent energy source is a black body emltter then

f=1



o U
Agsuming a P« junctlon semiconductor cell is exposed
near the radiant energy source, the energy band gap of the

seniconductor is Eg. When it is illuminated the radiant

energy photons results in the generation of electron-hole
palrs. And only that pert of the radlant energy contained
in the wavelength interval from 0 to As will produce electron
hole palirs.

Let Q- be the total number of useful photons per unit area

in the wavelength interval from 0 to A9 then,

25 9 -4
Q, = j a = f CaX'/me  ax fen® 0 (1-4)
e 0 Co
e MTg =1

where Ag = hc/Eg is the cutof?f wavelength éorresponding

to the band gap of the material |
The electrons end holes generated by the radiation

ere vept by the eiectr&c field in the depletion rezlon

and results in en electric current flowing. The radlation

current density can be expressed by:
Jp = @ N, (I-5)

where Nq is defined as the quantum efficlency of the
radlaent energy photons. It is the efficlency uith
which a radiant energy photon produces useful

charge carriexrs
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I-3 Review of somc bagic theories of P-H junction

Semiconductor ?~N cells are used for solid state
conversion of raedisnt energy to electrical energy. A P-N
Junction is formed in a semiconductor in the region where
the impurity concentration changes from P type to N type.
The Shockley equation for an ideal P-H junction in the dark
ig given by

av
g=3 (e ) (1-6)
Following the ldeal behavior of the ¢ell, the Shockley,s

diode equation can be revwritten for illumlinated cells as

gv
Jp=Jdg=Jd, (e -1) (I-7)
where JT is the total current density flowing in the cell

The open circuit voltage of the P-N cell is given by equatlion

(1-3) . |
e = 2. 205 € ;.13) (1-8)

where we assume that JR/J0 greater than 1

The short circuit current density Js.c is equal to the

radiation current density Jy. The electrical power obtalned

from the cell is given by:

r

p= IR = A%.( Jo= J_.( L R
= R =A", R" o' e -

(1-9)
where A is the cross section area of the cell and R is

the load resistance
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In order to obtain the maximum output power, the load resistance
R should seb equal to:
-V
X7 ki

alo

And the voltage at meximum power Ls then equal to

k T kT
v = 2= log ( == ..1) (I-11)
MeD q & al, R

The current correspoding to,the maxinmum power is given by

=5l 10g (KT, 1) (1-12)
e q al, &

The maximum power ls obtalned by the products of equation
(I-11) end (I-12). The load voltage corresponding to the
maximum output power ls related to the open circuit voltage
by the following relation

. qup/kT V. /KT
—22 41 ). =e

kT
) (1-13)

From equation (I-7) to (I-13) it can be seen that the
performance of a P-N cell depends strongly on the short
circult current density JB' which in turn depends upon

the quantum efficiency of the incident photons. The quantum
efficlency is the average quantum efficlency of the incident
photons cf 2ll wavelength from 0 toAd, and is defined as
Nq = JR/qQ‘ In order to lnvestlgate the elements affects the

performance of a P-N radisnt energy cell, the quantum efficiency

of incldent photons will be derived and discussed in this work.
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I-4 linority carrier concentration in thermal equilibrium

A p-N junction cell 1s formed by a P type and N type
semiconductors. We shall assume that Né»»ni. Nd»’ni' end at
room temperature all impuritles are ionized, i.e. Na= N;
and Nd = N;; ny ls the intrinsic carrier concentrations.

If there is no external disturbance some of the electrons
in the W-layer will cross over the Jjunction and some of the
holes in the P-layer will z2lso cross over the Junction and
as such a space charge region ( or depletion layer ) is set
up near the junction. Thls space charges form a strong electric
field which opposes the further flow of electrons and holes

across the Jjunction. Under equilibrium, and assuming for

non-degenerate case, the following relation holds

iy T
n = n L] e [ ] = L e -
P n pl"i p}’) (I 11")

From law of mass actlon we also get the following relation

= =p .,p = no -
n.opn nn.np pp p, = nj (I-15)

I-5 Bullt-in electrostatic field due to impurity concentration

gradient in the eXposed layer of P=N cell

Let us assume that Nd(x) be the donor impurity density
in the N type semliconductor and Na(x) be the acceptor impurity
density in the P-type material. IT the donor levels and
acceptor levels are all very near the conduction band and
valence band respectively, then under normal conditions(
room tempersture) all impurlity atoms are ionized. Assuming

that Ng3>>ny, N>>n, and also that NN, .
a

i
It has been properiy pointed out (13) ¥hat the large
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impurlity grodient obtalned in the diffusged layer of & normal
P=M cell cghould give rise Lo the ninority carrier drift due
to the bullt-in clectrostatic field as an additional mecha-
nism for the collection of impurity carrier;. The electro~-
statlic potential difference bettween the reglon with different
ionized iapurity dsnsitles near the surface and the junction
can be expressed by:

v, = gg. log N~ Fa) surface (I-16)

(Ng= N3) junction
In gemeral, the impurity concentration (Ng~Ng) in a P-N cell
is distributed exponentially or as a complementary error
function. For simplicity, we assume that an exXponentislly

dlstrbutioﬁ of impurity carrier concentration exists in the

diffused region of a P-N cell, thus

A{x-dp)
Ng(x) = ¥ (x) = Ng e (I-17)

where at = = dp, Ng- Mg = Hg and

il

et x =0, Nd- by Nj (Junction concentration)

a
and A = 1/d,. log(NS/Nj) (constant)
The electrostatic potential produces by the concentration

gradlent ls then given hy:

V(}{) = }ET_ olOE; ( Nd - Na ) (1"18)

a
The bullt~in electrostatic ficld 1ls then given by:



' dv(x kT 1 a
E = e . 2 e ——— ], PR N - N 1-1
,(X) & (q ) TR (‘D(X) ,A(X) ) (1-19)

Inserting (1=-16) into (1-19) we obtaln:

-4 (X
E(x) A(q)

1

' N
or E = A (ak?-) = 1 (BT 105 -2 (1-20)

dN a NJ

Equation (1-20) shows that the bullt-in electrostatic

field in exposed layer is constant.



SECTION II

I1-1 Formulatlion of continuity egquation in a P-N junction cell:

The equatlon of continulty in the theory of electric
current flow expresses the condition that there is no
accunulatlon of charges. It is generally written in the

form:

- 9{_ = Div. J - (2-1)

o

Here we must express the conditions that there should be

no accunulation of electrons or holes so that an equation
like (2-1) can be written down for both electron and hole
concentrations. We ﬁust also add a term in equatlon (2-1)
to take account of g;neration and recombination of electron-
hole palrs in the saﬁple. In order to see the distribution
of minority carrier concentration in the semple of a P-N
junction cell showing in Fig. II-1, let us first consider
the distribution of holes concentration as excess minority
carrier'concentration in the exposedAlayer of the cell.

The incldent photons is shining on the right hand surface .
of the cell. The continulty equation for holes in the exposed
layer ( N layer ) can be expressed by equation (2-2)

QA e(x = dN)/L: 2_’3{2 - D = Dy

? (2-2)
-3-% Ly qox Tp



Fig. 2=1 Giodel of the P-i Junction

The first term in the equation (2-2) depictz the number

of miuorlity carrlers generated by electron-hole pairs
generation due to radlation gbsorptlon in the Helazyer of unit
area and thickness dx at a distance of (x-d,) below the surface
of the cell. The second term covers the transgport of the
ninority cerriers out of the same layer described as a change
in magnitude of the electrical current density Jp flowing
through this region , while the last térm desoribes the
recombination of excess minority carrier in this layer. The
problem can be reduced to the one dimensional form as equation
(2=2). Since a P-~N type radlation cell is usually fabricated
wlth rather constant parameters over their area as well as
illuninated in normal operation with rather uniform density
and since it is a large arez device with dimensions large
compare to the diffusion or drift lengths of the minority
carriers such that surface effects may be omitted in the
derivation.

The electric current density consldered here conslsts



of charge transport by diffusion due to density gradient of
the moblle charges and the drift due to the influence of the

electric field:

Jp al Dp, == .,upE-p) (2-3)
The steady state condition as one of the main interests for
the P-N cell operation can be obtained by inserting egquation

(2-3) into equation (2~4)

0  up Ty (x-dp=8)/La
= + 495 dp . X ., p=- (5= - ¢© +.n
R LoLx 12

(2-b)

Use was made here of the Einstein,s relation between diffuslion

constant and the mobility :

Dp= kT/q*Mp (2-5)
and of the relation between diffusion length Lp and diffusion
constant Dp and minority carrier lifetime ?p

Lp = Dp7p (2-6)
Let us introduce a critical electric field Ec= (kT/q).El
which 1s the electric field strength required to move ag
electron or a hole through a diffusion length L.
Inserting this relation into equation (2-4) and reuritten

it in the followlng way:

2
d“p Qx  (x=0p~8)/Ly p
TR I ML e
ax Ec L dax If 2Dp Ly

(2-7)
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Similarly, for the case of electrons as minority carriers

in the P layzr of the cell, eguation of (2-2) has the form:

e &

35 A a dx ?n

2 _ % (x-ay=)/Ln, 1 & - mp (2-8)

and

I, = al Dnid‘.;; +MpEen ) (2-9)

By substituting equation (2-9) into (2-8) the steady state
continulty equation for electrons in the P layer of the cell

is given byz
Q Xed,, = L
A ( n 6)/ IA nu

2
dm . (E 1 y,dn _ 1 = (e,

(2-10)
where electric field E 1s in the negative direction of x

II-2 Quantum efficlency of monochromatic radiant energy

photons in a semicbnductog P-N ceil

| In radlant energy conversion, one doesenot deal ﬁith
monochromatic radiation but with an arbltrary spéctral distribution
curve which may or may not fit in a black or gray body dis-
tribution curve at a given temperature Tg. It is convenient

to determine the quantum efficlency N, for wavelength interval

q
from 0 to)gand carry over the results to radiant energy spectrum.
In calculation of the quantum efficlency we make the following
assumptions:

1) The wavelength‘of the incident photons is equal to or less

than Kﬂo
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2) The width of the deplstlion reglon is negligible small
as compare to the thickness of the baege layer and the exposed
layer of the cell and so to the diffusion length Lp and Lna

26«dy, 26K 4, '

2§<«(Lps 26€ Ly
3) Boltzmann statistlcs can be applied to the junctlion reglon
in place of the Fermi-Dirac statistics.(assuning non-degenerate
cese).
L) Dach photon absorbed produces ouly one pair of electron
and hole or the quantum yield is unity.(17)
In the following 11nés we will discusgs the gquantum effliclency
of a P=N cell under different conditions.

II-3 Derivation of aguantum efficlency from continuity assuming

no drift field and no surface effects in the exposed

layer of a P=ll cell

Assuming that in Fig 2«1 the inclident radiations fall
on the surface of the N-layer of the cell, holes which are
the mlnoristy carriers in the I xegion willl contridbute to the
diffusion current and hence to the radiastion current. If the
incident radiation penetrate into the P layer and electrons
which are the nminority carriers wlll slso contribute to the
diffusion current as well as radiation ourrént. The current

contribtution due to,holes in H layer iz
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and the current contribution due to the electrons in the P~
layer is
. dn

Jn = an'EE)I=“5 (2~12)
The total current density contribution is therefore egqual to

Jp = Jp + Jp (2-13)
From equation (2~1) the continuity equation for holes in the
N layer can be rewrltten as following and by putting E = 0,

s =0
72 (x=dn=56)/Lx
2 A P.
ax2 172 LALE Lp2

Solving the above eguation,a general expression for the hole

concentrations p(x) in the N layer can be'ezpressed by:

- =x/L x/L L (z=d,=5)/Lx
p(x) = Ae Py Be P+ ._TT?pfl)‘ e Sl P,
(L ~Lp)
(2-15)
Differentiating equation (2-15) WeTeteX
~z/L x/L X=dyp~5)/L
%2 - Ae P, %we D, 7p@s .e( n=58)/Lx.
X 2
‘ (2-16)
The boundary donditions of equations (2-15)and (2-16) are
glven by ‘ | | |
a) At x=dpts, R=o
, qV/kT
b) « x =%, P = Dp,.e

From these two boundary
conditions the constants A and B can be determined. The hole
concentrations p{x) cen be expressed by: (2-14) with constantsg

A and B glven by:



v /&7 dn /1, a -6
A P,(e? /-1) » + T8 ¢ Lpe( n/bp /L%)-
2dn/L 2 2 '
(e p‘*'l) (L)\" p)
. S
dy /L an/ty e( /L\+2dy/Lp)
(L)\e "’Lpe . ” )
“dn/Ly,
(e ‘ +1)
and -d d
* o QU/RT  _sp 5/L o2
L 2 2dn/L -
(e Taa) (Li-Ip) (e P41)

Evaluating g}l_at x =6 and using the above expregsions for
X

A and B in equation (2-16) we obtain the hole current density
as following

d
Jp= = pq‘a'g)x= )
V/KT 2 ~d /L, 4
= PPy, (o* / L-.l).tanh(dn/Lb) - LIp a® . (e 4 *-e n/Lp)
o T g

Q =d, /Ly d,/L
- ...‘.%.I:_P_.’:_-(L,\e “n +Loe p).tanh(dn/Lp) (2-17)
(12,12 P
A“Lp) :
In a similar way, we cen deduce from equation (2-10) for the
distribution of electrons in the P layer. The general solution

of (2-10) wlth E =0 is

-~ (x=dp=8)/L
e x/Ln-l-DeX/Ln-z- Tala e *=dn=6)/L>

x) =C + O
n(x) > n, (2-18)
(L~Lp)
Applying boundary condit}ons: _
qV/kT
a) at x = -6, n = nge b) x = -8-dp . g% =0
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From the ebove two boundary conditions the constants C and

D can bp determined, and a general expression for n'x) and
dn ==

%% can be obtained, evaluating = at_x .S,the electronic

current density can be expressed by:

o= aln.88),_

/i - ' \ dp/ dp/L
Dng:p).(eq =1) .tanh(dp/Ln) + tenh(dp/Ly)'«(Lpe ’ Ln"Llé»p )
-(dp+dn)/L)\

-dp-d a a.,/
g Qe o Ml (n p){LAe p/L)\_"e P Ln)

=

2 2 2 2
(Lx = In) (La=In) = (2-19) -
By comblning equations (2-13),(2-17) and (2=19) and assuming
thet In = L, (for Germanium cell) and also‘8/1“<<1. the total
current"denéity is then reduced to
Jp=dg + Jp

p o
= Jo (e /kT-l) - Iy

where 50 (——Eg-) .tanh(dn/Lp) + (-%EE—).tanh(dp/Ln)

 is the reverse saturation current density (2-20)

énd.
| a (d / - ~d, +d
JR= _EQ_ER__ {e n/Lp »/tn )+(ér§ L;n.tanh(gp)
(LA~LP)

%% -d p 'dn
- .tanh(q)) (r-) (7%, bann(ZR) +o" T cann(gl)))

is the radlation current density (2-21)
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The results of above analysis shows that the reverse
saturation current density depends not only on the minority
carrler life time and diffusion length 4f the semiconductor
but also depends on the ratio of dn/Lp end dn/L, &s such the
thicknesses of the P= and N~ layer of the cell affects the
reverse saturation current density and hence the open circult
voltage Vo.c Of the cell.

The vadiation current density Jp given by equation (2=21)
is directly proportional to Q,, the number of photons absorbed
/cmzlsec of wavelength incident on the N layer of the cell.
The radiation current density depends not nnly on the diffusion
length of minority ocarriers but also depends upon the dimensions
of the cell and the absorption coefficient of the cell.
Substituting a,= L,\/Lp and using ecquation (i=5) the quantunm
efficiency can be obtained from cquation (2=21)

J
Hg = o2
T dyta d

d nl &n dn
= - .((QEE Lp a*-eLp) + (ézg.tanh( 5 - ﬁanh(~3 )
(ax—l) a ’*dn
d o/ T =dyn
x L“E"")) + aA(tanh(n£)+tanh(§?))-é"ﬁf z
(2=22)

Equation (2~-22) shows that the quantum efficlency of
redlant energy photong of wavelength A depends upon the ratlio

of L&/Lp. dn/Lp end dp/Lpand the absorption coefficient aa.
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For a glven wavelength , a is practically constant and therefore
the quantum efficiency depends upon the thicknesses of the base
and the exposed layer of the cell as well as the diffusion
length of the minority carrlers. If approaches zero, then
e,= 0, and equation (2-22) reduced to

a_/L

Ng = e ™ P.(l-tanh(ay/Ly)) C (2-23)

q
Equation (2-23) shows that for short wavelength incident
photons the quanﬁum efficlency 1s depends upoh thickness of

the exposed layer.

II-4 Computation and discussion of the quantum efficiency

of a P-N Germanium cell by using the gggults of section

It haes been shown by Jain (9) that Germanium celis show
a great potential for radiant energy convérslon..An analysls
of the Germénium cell has been worked outAwiﬁh‘the help of
equations derived in section (II-3). From Fan et al (14-15)
the absorption coefficient of Germanium for the wave length
interval from A= 0.6 micron td x g = 1.8.? micron, the wave=-
length corresponding to the energy gap of Germanlum are listed

in table II-1l:

TABLE II=-1
=
Wavelength ) (micron) Absorption coefficient L, (cm 1)
0.6 1.85 x 10

5
0.8 b3 x 10”
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1.02 | | 1.7 x 10"
1.20 | 9 x 10°
1.0 | 7 x 103
160 - 2 x 10°
1.66 R - 6.1 x 10
1.73 3.5 x 10
1.80 . 1.2 x 10
1.87 7

Assuming the hole diffussion length L, of Germanium is 0.05 cm,
then a, = LX/L can be obtained for different wavelength by
using table II-«1. And from equation (2-22) the quantum efficiency
of a Germanium cell can be calculated for different thicknesses
of base and exposed layers of the cell. Fig2=-2(a) to(f)
showing the varlation of the quantum efficiency of the incldent
photons wlth the thickness of the exposed layer and the base
layer of theGermanium cell for wavelength from 0.t microns

to 1.87 micron. The results of this analysis indlcates that
the quantum efflclency depends not only upon the exposed

layer thickness but also on the base layer thickness. As

shown in Fig 2-2(a), for wavelength from 0.4 micron to 1.6
micron the quantunm efflciency is independent of the thlckness
of the base layer. And it depends only on the thickness of

the exposed layexr. For example. at A= 1.6 micron the maximum
quantum efficiency ocecurs at d /Lp 0.6, and dn/L = 0.2;
for = 1.73 micron, Nq maximum occurs at dp/Lp = 0.9 and

dn/Lp = 0.3 etc.
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Fig 2~3 showing the variation of maximum quantum efflclency
versus thickness of the base layer with optimum exposed layer
thickness for different wavelength of incident photons.
The results of Fig 2-3 indicate that for wavelength smaller
thean 1.5 micron, the quantum efficiency is approach unity
and is independent of the thickness of the base layer. For
wavelength A= 1.6 micron the maximum quantum efflclency occurs

at dp/Lp = 0.6; for wavelength A= 1.66 micron, N, po- occurs

qQmnm

at dp/Lp= 0.9 and for A= 1l.87 micron, Ny mex. OCCurs at

dp/Lp= 2.4. Fronm equation (2-20) it can be seen that an

increase 1n.the thickness of the base.layer will increase

the reverse saturatuon current and this‘wiil in turn decrease

the reverse open circuit voltage of the cell ond hence decrease

the photovoltaic energy conversion efficiency. .It is

fherefore deslirable to fihd out the optimum thickness of

the base layer of the cell. In Germanium P-N cells._by

choosing d /L = 0.9 , an optimum average guantum efficiency

of 85 % was obtained in this work for wave length interval

from A= 0.4 micron to A = 1.87 micron end with the thickness

of exposed layer dN = 0, 1 Lp.
» Furthermore. Fig.2-4 indicates that the quantum efflcienoy

decreases rapldly with increasing wave longth in the wave

length knterval from 1.6 microns to 1.87 microns, the Oufoff

wave length of Germanium. A sharp decrease in quantum efficlency

with increasing wavelength, which can be accounted for by



the decrease in absorption coefflcient for Germanium cell
for wave-léngth greater then 1.6 microns, will occur.

Since the quantum efficlency decreases rapldly for wave
length greater than 1.6 microns, it is reasonable that
incident photons of wave length 1.6 microns to 1.87 microns
or even higher should be reflected back and conserved.
Fig.z-slshows the quantum efflclency versﬁs ﬁhe thickness
of exposed layer for different wave length with base layer
thickness dp/Lp = 0.9. The results of Fig. 2-5 indicates
that for wave length A =1.6 microns the quantum efficiency
decreases with increasing exposed layer thiokneés. For
wave length between 1.6 microns and 1.8? microns the
maximum quantum efficiency occurs at different thickness of
the exposed layer. An optimum average quantum efflclency
was obtained for én/Lp = 0.1 and dp/Lp = 0.9 for wave length
from 0.4 microns to 1.87 microns.

In the process of fabrication of P-N cells unavoidable
impurities are introduced in and reduce the effective l1life
time of the minority carriers, which in turn reduces the
diffusion length of the minority carriers. (Lp'= /ﬁ;f;). A
reduction in minority carrier llife time increases the re~
combination rate of minority carriers and hence the quantum
efficlency for a given wave length decreases with deéreasing
minority carrier life time. Fig.2~6 shows the variation of
guantum efficliency versus the thickness of base layer forx

different values of diffusion length from Lp = 0.05 cm to
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Lp = 0.061 cme. The results 1ndicates the Quantum efficlency
decreases rapidly with decreasing rinority carrier diffusion
lengﬁh; It is therefore desirable to choose a material

with long minority carrier diffusion length as a radiant energy
conversion cell. For Germanium vith resistivity of 100 ohm-
cm, the'minorlty carrier diffusion length is 0.05 cm. Fig.2-7
shows a comparison of the quantum effiolency versus ‘wave

1ength for a typical Silioon oell and Germanium P~N cell with
the follouing data:

. jrsiiicon P~N cell : B GermeniumrP-N cell
S =k o o
dy = 0.5x10 -em 4y, = 0.5x 10 cm
dp=05em dp = 0.55 em
~ in = 0.00?4‘o2 o L, = 9'Q57cm“_‘
 7p = 55z 107%sec 7p = 100 x 10~0sec

The results indicates that a Germenium P-N oeilvhas a very
good wave length response from A= 0.4 microns up to A= 1.6
microne; ﬁhlle for Silicon P-N cell tﬁe qﬁantum‘efficiency
decreases iith increasing wave length for wave length from
A= 0.6 microns to 1.1 microns, the cutoff wave length of

Silicon. As will be discussed in section (III-2), for a

ZOOOOK black body radiant energy.source. it appears that a
Germanium cell also has a higher average quantum efficiency

than that of a Silicon cell.
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The analysls ofvthe,abqve two sections is based on
the assumption that there are no built-in drift field and
nd surface effects ln the P-N cell. The results show that the
quantum efficiency of incident photons depends strongly on
the dhméﬁsibns of the P-N cell, the absorption coeffiéients*
of 'incident photons, the diffusion length of the minoiity carriers
in the cells. The analysis should prove of value in the
fabrication of the cells. -

We wlll extend our analysis to include both of the
built-in drift field end the surface effecté in the exposed

layer of the cell in the next section.
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Optimum quantum efficiency

;;/ for different wavelength
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Il-5 Derivation of the gquantum efficiency from continuity

eauation with drift field but no surface states in

the_ exposed layer of the cell
Based on the results of section (I-5) 2 constant bullt

in electrostatic field due to the concentration gradient is
now imposed in the exposed layer of the cell as shown 1in
Fig. 2=1. Since the direction of the electric field 1s in
the opposite direction of x, the steady state continuity
equation (2-7) for holes in the N layer of the cell can be

rewritten by:

dp o B o +

E 1
=2 Rl E T T N ) To2)
(2~7

The generak solution of equation (2~7) is

z/L -%/L “dy -
1, 2,y e(x n s)/L,\+

p{x) = A e Be

where B QxLA7p

1_1,_ E .1

1y fb( 2Bt 3 EE) )
-1 (E- E

Lz"sz(Ec T ER L)
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Differentiating (2-24) with respect to X we obtain

dp o */1q B -%/Ly (x=dn~-3)/L,
ax I T T .2 (2-25)

First let us consider the case in ﬁhlchvthe built-in electric
fieid is uniformly distributed throughout the expoéed layer
end abruptly drops to Zero on the surface of the eiposedllayer.
The boundary conditions for thils case are siven by:

a) at x =6, p = D, eQV/KT

b) at x = 6+ 4, ap/az = 0

Applying the gbove two boﬁndary conditions into equation
(2~24) and (2-25). the constents A and B can be determined; _
Edllowing the seme procedures as in section (II-3), the hole
cuirent denslity can be obtéined in terms of constants A and
B. The electronic current density in the base layer remalns
the seme as glving by equation (2-19). The total current

denslty is the sum of J, and J, and as such the radition

p
current density and reverse saturation current density cen
be obtained from the total current density. For simplicity,
we will write the final result of thg_quantum efficlency
with built-in'electric field-in the exposed layer in the

following expression:
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= = ((a,\tanh(—-‘?—) -1)-91_’?‘ 2 (1 tanh(.B)). %;‘ ax
(ag-l) . Ip"
o : ~Gp =dn,q hdnwu ' Eég,' “dn, .,
+, - 1 ‘ .((egz %’)“P (GEE s:’.é)(a/\dﬁe P "ﬁGIE ) )
’ ' B
RS A . T

where 1 . X d 1l = '
In = £

Lp T2 1
= /Bt [(B/Ec)7+h ) , = 1/2(8/B, + J(E/E5)2TE)

From equation (2;26) we see that fhé quanfum efficlency
are miltiple functions of dn/Lp, dp/Ip,e and E. In order
‘to see the offects of built-in drift ficld on the quantun |
efficiency we wlll discuss it in details in the next section.

, The reverse saturation curreht derived from equation

(2-24) and (2-25) is given by the following expresslon:

| o dy =@p
s
To= (222, tenn(ZR) + (2n%Ph)(e 2_o ™I, .
" ? /L | -a

iProm equation (2~2?) we see that the reverse saturation
‘current depends not only on the dimensions of the cell but
also on the bullt-in drift field in the exposed layer.

The results of this drift field will decrease the Teverse

saturation current,this will be showm in later section.
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II-6 Computation and discussion of the guentum efficliency
of o Germanium cell by using the results of section II=5

Let us assume that Ly = 0.05 em for Germanium, end

at room temperature, Eo=(KT/a).(1l/Lp) = 0.05210 Folt/n .The
absorption coefficlent of Germanium was listed in .table II-1.
In general the built-in electric field can be vary from 0 to
5000 volt/em depending upon the impurity concéntration gradient.
And we will use this value to see the field éffect on the
quentun efficiency. By means of equation (2-26), the effeots
of dimensions of the cell and the built=in drift field on
the quantium efficliency of a Germanium céll has been worked
éut for different values of dy/Lp, db/Lp.a%andvE/Eé.

~ Fig. 2-8, 2-9, and 2~10 show the offects of bullt-in
electTic field on the quantum officlency for wavelength of
Ancident photons A= 1.66 microns. These results indicate
to us that the quantum efficiency is indepéndént of drift
field if the thickness of the exzposed 1ayer is 1ess thén
0.001 em ('or 0.2 Lp). This is simély;ﬁecaﬁsé in a very
thin exposed layer the cell 1s almost trangprant to the
incident photons and holes genexrated by thenihéident prhotons
can cross over the junction without body recombinations
even~thbngh there is no bullt-in electric field exists in
the exposed layer. Thersfore we may conclude that built-in
drift field has no apparent effects on a very thin exposed

layer.



g,

- 37 -

Aé_the ‘thlckness of the exposed layer increasag the;quantum
efficiency increases rapidly with 1n¢reasing'q;eqbric field
strengﬁh.and Tremains constent for Ileld strength greater
than 500 volts/cm; this phenomgnon is more obvians.for dn/Lp
greater then 0.6. The reason is that as the thickness. of
the exposed layer increases more and more uséful photons
(including the long wavelength photons) are absorbed by

the exposed layer and hence more lectron.hole pairs are
created. However, as the thickness of the e#posed layer
increases the body recombinatlion of electron ho1e pairs

in the ezpésed layer will also.increase.7 Uﬁder no bullt=in
arift field-iﬁ the exposed leyer because of the body recom=
bination the quantum efficiency decreases with increasing
thickness of the exposed leyer if qn/Lpgreéter than 0.5.
When the built-in arift-field ex;sts in the.ezposed}layer

en sdditionel force is added to the_holes.in.the exposed
layer , which will help holes across the junction wi thout
'quy redombination; this in turn increases the radiation
current and as such the quantum efficiency is,increésed;
Fig. 2=11 shows the quantum efficlency versus electric fleld
étrength.in the exposed for different values of eprsed
layer thiclnesses. The results indicate that for dn/Lpi= 0.1
the quantum efficliency is independent of electric field;.
for dn/LP= 0.5 the quantum efficiency varies from 90 3 to

a7 % asg the field strength varies from 0 to 500 volts/cm.
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The cross over in Flg 2~11 1g due to the Tact that the
quantum efflciency decreases at low fileld strength as the
thiclmess of exzposed layer increases for dn/Lp greater than
0.5. As the fleld strength increases, the body recombinetion
is upset by the drift field, thus the field effects on the
quantum efflcliency of incident photons incrsaeses for thicker
exposed layer, Therefore the erosss over occured at certain
field éﬁrength ig¢ reesonsble. . |

Flg 2-12 and 2-13 show that the quantum efficiency versus
mavelength of incident photons from 0.4 micron to 1.87 microns,
the field strength is zero snd 500 volts/om respectively.
The results indicete that for wavelength smeller than 1.6
microns end with field strength E = 500 volts/cm, the cuantum
efficiengy abproaches to unity provided the exposed layer
thickness is greater than 0.5 Lpe In the longwavelength region
the drift in is helpful for enhancing the quantum efficiencye.
This effect can be seen from fig2~12 for dp/lp = 0.5, 8,/Lp=0.9,
enhancement of 10 7 quantum efficiency can be echleved for
vevelength grester than 1.6 microns. From the above analysis
we nay conclude thet if there is built~in drift field in the
exposed layer of the cell, it is betier to choose a P-N cell
with base leyer thickness dp= 0.9 ;p end wlth exposed layer .
thickness dn greater than 0.5 Lp so that the optimum gquantum
efflciency can be obtained. -
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iI~7 Rexivation of the guantun efficlency from continunity

couation with drift field and surfacc effects in the

exzposed layer of tihe cell

In section {II=5) we dealt with a constant elesciric
field built in the exzpozed layer of the cell and we neglected
the surface effects oa the cexposed layer. In this seciion
we will inclvde both effects in the exposed layer and will
develop 2 general exprassion for guantum efficiency of
incident Bhotonsg ag g functions of the dimensioans of the cell,
the field strength and the surface recombination velocity
in the exposed layer. The continuity cquation for holes
in the I layer is given by equation ( 2~7) , and the solution
has the same forin as equation (2~24). The boundary condition
ot the Junction remalins unchanged and is given by
a) at x =6, p= 1)1‘,19‘1"'7/15:c
the boundery condition at the surface of the exposed loyer
is given by:

b) at = =§+ dy, dp/ix = FpeD) = & +dp
where Fp = = ( 5/Dp *+ E/Fcel/Ip )

and s is the surface recomblnation velocity
Applying the above two boundary conditions into equation
{224} and (2-25) and solving for constants A end B, & general
expression for the hole current density can be obtained.
The electronic curvent density in the base layer remains same

and is given by equation(2-19). Following the same procedure
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as in section (II-5), a general expression for the quantum
efficlency with fleld and surface effects can be expressed

as following:

‘ d d +dn
: : ol o1 =dn,q
L ¥ 1
Nq= 21 ( ;EE P a*(l-tanh23)+ 6-35 a“(axtanhgﬂ =1))
(ax=1) Ip Lp
' -d | d
S S rg'(“-ﬁ) I%
1 ( (x48) (Fpln=1l)e + ay (2B (1=FyI;)e
wEog -1 dn “8n
(2, Eq | a, ) (l-Fle )GFSB"' (1+FpL2 y e%
- “dyy
(o4 ——— -
-( 1+FDL2) e%) e Iv.g an dnoi_;
e ) (2-28)

If s =0 and E = 0, then equation (2-28) reduces to (2-22).

II-8 Computation and discussion of the quantum efficiency
of a Germanium cell by using the results of section (II-7)

In order to see how the surface recombination velocity
and bullt~in electric field affect on the quantum efficlency
of Germanlum cells, the following values will be used in the
calculation: | |

L, =0.05¢cm , D, = 25 cmz/sec.

D
A= 0.4 micron to 1.87 microns
0 to 106 cm/sec.

0 to 500 volts/cm

[61]
]

=
i



The results of the computation for the quantum efficiency
of Germanium cells will be discussed in the followihgllines.
a) For the case in which E = 0 and there is finite surface
récombination velocity in the N layer.

Fig.2-14 shows that for A= 1.66 midrpns,hdn/Lp= 0.6
and dp/Ip= 0.9 the quantum efficiency decreases from 0.81
to 0.48 as the surface recombination velocity inéreases
from lozvcm/sec. to 106 cm/sec.; for.further.increase of
surface recombination veloclity there are no obvious effects
on thevquaﬁtum efficiency. Fig 216 illustiétes the quantum
efficiency versus the thickness of exposed layer with surface
‘rebombihation veloclty varlesvfrom O to 1010 cm/Sec. The
results indicatethat the effects of surface recombination
on the quantum efficliency 1s‘more pronounced if the thickness
of the'ezposed lajer is greeter than 0.1 Lpg ;Flg 2419 aﬁd
Filg 2-22 show that the quantum efficiencyvdebreases'mq:e
rapidly for'shorter waveiehgths and thicker exposed layeri'
this is because incldent shorﬁ vavelength photons-éreéﬁe
electron hole palrs very closg to‘the surface‘of the exposed
layer aﬁd as suchymost of the electron holeipéirs are recombined
on the surface of the exposed layer. Thérefbre. there is
only a Small part 6f holeé‘come across thg;Junction; this
in turn decreases the quentum efficlency. From the above
analysis we may conclude that if there are surface effects

in the exposed layer but no bullt-in électric field to offset
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this effect. it is better to choose a thin exposed layer
P-N cell as a radiant énergy.conversibn cell. Furthexmore,
iﬁ 1s suggested that ﬁavelength of incident photons‘greate&
then 1l.% microns should be reflected and conserved.
b) for the case both fiGld effect and surface effect exist
in the exposed layer: Fig 2~15 shows the variation of gquantum
efficiency as o function of built=-in electric field stfength.
fork= 1.66 miozons, s = 106 cn/sec.; dp/Ly= 0.6, 0.9 snd
dh/tpé 0.1, 0.6, respectively. The results indicate that
for dn/Ly= 0.6, the quantum efficiency varies from 0.50 to 0.97
as the electric field strength varies £rom iAvblts/cm to 500
volts/cm. Further increase of electric field strength has
little effects on the quantum efficiency. For dn/Lp= 0.1
the quantum efficiency varies from 0.71 t6.0.83 as the electric
field strength varies from 1 volts/em to 500 volts/cm. These
results indlcate to us that even under high surface rccombination
véldcity. the quantum efficiehcy increases with increasing
drift field strength; for electric fleld greater than 500 voits
/om the surface recombination velocity has”no appreéiable
effect on the quantum efficlency. For smaller electric field
the surface recombination plays an important'rOIe‘én'the
quantum efficlency. The reasons that'surfécé effé¢€s can
be compensated by the built-in electric field is that under
high electric field conditioﬁ , the static field force will

help the holes in the exposed layer across the junction and

-t
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prevents electron hole pairs‘from recombining on the surface
of the exposed layer. Fig 2-20 shows that.ﬁith s =,104 cu/sec.
= 500 volts/cm, the quantum efficlency approaches unity end
is independent of the thickness of the exposed layexr for
sualler thenm 1.6 microns. However, for greater than 1.6 microns
the quéntum efficiency increases wlth increasing thiqkness of
the exposed layer; this opposes the results of field free
case, as discussed above. Fig 2-20 Shows another set of
curve 111ustrat1ng Yhe variation of quantum efficiencj with
'thiokness of the exposed leyer for different valucs of minority
diffusion length. The results show that as the diffusion
1ength_of'the nino¥lty carriers decreases the quantum efficlency
decreases'rapidly. Decreasing the diffugionjlength uil}Ain
turn increases the body recombination and thereby reduces the
" number of electrons and holes crossing the Junction. '_
| From the above analyslis we may conclude that to cancel
the effects of surface and body recombinations it is neceosary
to have built-in electric fleld in the diffused layer of the.
cell. This can be achieved either by an impurity concentratlon
gradient produced by diffusilon the impurity atoms into the
semiconductor materials or by a éradient of energyvbéhd gep

of 2 conmpound semiconductors.



- 50 =

£E= 500 vorrs feu
§%=06,£§=0f
A=/l66m

t s e

Q ot

1.0

04 \ R ,
/0% , 103 10% /0%
s ——
ig 2-14 : ( ersses.)

Quantum efficiency vs. surface recombination velocity



- 51 -

N ‘o0

09 S =10%cysec.
/ A=) 66,

__’—""‘—-—-———- .

o8t /— %-‘—‘0-/
a2 _ .

=06

3 =05 nfeec.
A=l LM

2

(0 i0

E —

( L’a/f}//c'?’.' «

io

Fig 2-15
Quantum efficiency vs. electric field strength for

different values of junction thicimeszs



1-0

- 52 -

S
\\\\\\\ .,
\\\\\\
\ 103 Crmysoc,

\\ ~- /06
~—

T~ /070

E =0, )= 1.£6 microns
d

o2af .
Q 2 1 X 2 1
oz 0.4 0.6 a.8 /c
gy
Lp

Fig.

Quantum efficiency wvs.

with surface reccombination velocity

thickness of the exposed layer



- 53 =

o]
H

500 volts/cn

H)
1.0% em/sec

s
M= 1.66 microns

0.2t Lp = 0.05 cn

0.8 20

-

Fig . 2"'1?
Quantum efficiency vs. thickness of the exposed layer

with thickness of the base layer as paramelers



- 5l -

f 16 Lp=0.05 cm
Q
03}
O.ol cmm
£ m
9009 " = 500 volts/cm
5 = 104/ cn/sec
a. /L= 0.1
b p
X = 1.66 microns
——/-_______‘________.___—-———- 0.0c/ Cur
/
0 . . . X
0./ 0.3 0.5 ¢.7 0.9
[JIp—
Lp
Figo 2"18

Quentum efficiency vs. thiclmess of the exposed layer

with minority carrier diffusion length as paramebers



lor
oft

0.5

N

— \

dN‘Oi s =

G4l

e

/\
0.2} ; \
N

0.5

Fig 2-19
Quantum efficiency vs. wavelength of incident photons

with the exposed lazyer thickness as parameters

0

10"

b

cm/sec.

a_ /L = 0.1
)<l



- 56 -

1 [.0
Nq
08
0.6l
E = 500 volts/cn d_ o9
14"
04t s = 10” cm/sec. |
|
— 0.5
) Lo
02| '
[
|
H
!
|
fe) , s . L.
0.4 0.9 .2 1.6 .87 2.2
)\ ——e
Fig 2-20 (micrams)

Quantum efficlency vs. wavelength of incident photong

with exposed layer thickness of the cell as paramaters



0.6}

. //
04 / / e e

Lzl//’//// E
r///,/” s

|

500 volis/cm

4
10 cm/sec.

Il

02 d,/L, = 0.9
0 3
D1 03 0.5 0.7 0.9
dD
Fig. 2-21 f; —
j

Quantumn efficiency vs. thickness of the exposed layer

with wavelength of incident photons as parameters



E=0, s = logcm/sec
= G

dp/Lp 0.C

Lp = 0.05 cm

Fig 2-22
Quantum efficiency vs., thickness of the =2xposed layer

with wavelength of incident photons as varameters



% -

SECTION III

III-1 Formulaticn of everazge quantum efficiency for a P-N cell

In section II we had derived and dlscussed the quantum .
efficiency of & monochrometic incident photons for different
situatipns which might occur in a PﬁN cell. In fact, the -
incident radiant energy photons will cover the whole region
of of wavelength from \= 0 to A=\A§ VWhen the radiant energy
cell is 1lluminated to éleqtromagnetic radlation, the rediant
énérgﬁucauses an additional current to flow through the cell.
The radiant energy absorbed by the cell produces electron |
hole pairs which are swept by the electric field incide the
junc%ion. In ordex to produce an electron hole pair in the
demiconductors, an absorbed photon must haﬁe enexrgy either
equal or greater than the band gap of the semlcondugtors.
And only that part of radiant energy contained in the wave
length interval from x= 0 to %g will produce electron hole
pairs. For Germanlum By = 0,67 ev., end for Silicon Eg = l.1 ev.
Therefore, only photons wlth energy. hcé\greater or equal to .
Eg are useful for radiant energy converslos., In section Il
we had calculated the quantum effitiency of monochromatic
incident photons from X= 0.4 microns to 1.87 microns for
a Germanium cell. |

The average quantum efficiency of incident photons

with wavelength fromA= 0 to.x=wg can be expressed by:



4

A
= b N(l (A)H,dAHe :
4 jAg ' (3-1)
. A o o
) ”;\d)\o-l-l—c-

ﬁhere Wa 18 given by (I-1)

In facﬁ ve are not able to express the Quantum efficlency
of ﬁonochromatic incident photons as a function of wave
léngth. Instead of using integration form of (3-1) to find
the average quantum efficiency, we might divide the whole |
spectrum of black body radiation curve into small inberval

and sum over fromA= 0 toA=A_ and can be expressed by:

g

Xk
P

T = 1 Nan{A) 2eVan. AAD
0 _

q = 2y
where k is the total number of intervals.

Using equation (3-2) the average quantum effiéiency can

be calculated so lonz as we lmow the quantum effiéiency of

monochromatic incident photons for a certain wavedength

and the correspoﬁding ihcident poﬁer density.’

I1I-2 Computation 2nd discussion of the averagé quénfum

efficiency of 2 Germenium cell with wavelength of

ihc;dent photons fromA= 0.4 microns %o 1.87 microns

The average quantum efficiency of a Germanium'bell

‘can be obteined with the help of (3-2) and the results of



section II. Let us assume that the temperature of the
radisnt energy source is 2000 °K and the thicknesses of
a Germaniuvm cell are given as follawring:

dp/Lp = 0.9, dn/Lp = 0.1, Lp = 0.05 cm

and, with E=0, s =0, 2= 0.4 microns to 1.87 microns.

The quantum efficiency for different wavelength is showmn below:

Nq XA (microns)
0.999 0.4 to 1.5
0.925 1.6
0.716 1.7
0.371 1.8
0.245 1.87

With the help of (3~2) and the above data the average quantum
efficiency of this example is 0.845.

Fig 3~1 shouws the average quantum efficiency.versus
thiclness of the exposed layer wlth temperature of the radliant
energy source as parameters. The results indicate that the
average quantum efficiency inoreases wilth increasing temperature
of radiant energy source. For example, with the above data
at T = 2000 X, N = 0.845, while at T = 5000 K, N, = 0.96.
Pig 3-2 shows another set of curves with electric fleld
E = 500 volts/cm and surface recombination velocity s = 10“ )
cn/sec. The results indicate that quantun efficlency increaséé

with increasing source temperature and the thiclmess of the

expoged layer.
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III-3 FPormulation of the photovoltaic energy conversion
efficiency for P-N cell

| - So far we have discussed the optimum quantum efficiency
and the averége qﬁantum efficiency of a Germanium cell.

In addiﬁion; the expression of réverse gaturation current
denéity and maximum output power of a P=N cell have been
derived in the previous scections. We will introduce the
optimun photovoltalc energy conversion efficiency of a P-=N
cell with the heip of previous reéults. The photovoltalc

energy conversion efficiency can be expressed by:

liazimum electric output power of thgrP-N cell

N =
C  Totel incident radiant energy to the cell/sec.

— Pmax °

LwAdk ' ) (3 3)
The maximum electric oubtput power was defined in section(I-3)

and can be expressed in terms of the product of open circuit .

voltage and the radlation current density in the form::

| Pnax. = ¥Vo.c'R | (3-4)
where k is proportioanl constant vhich varies from 0,?2 to
0.83. The proportional constant k as a fﬁnction OquE/JO; and
is showm in Fig 3-6. . | | |

As previqusly defined, the radiation cﬁrfentkdensity

can be expressed by:

Ig = alg Qp (35)
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where QT is the total number of incldent photons per umit
area per second on the cell in the wavelength interval from

A= 0 to A= Ag. Thus QT can be expressed by:

]
= 1 Tl -
Qp = 2 Jo Ve ks dA (3-6)

The average quantum efficlency for Germenium cells is shown

in Flg 3-1 and 3=-2. Xnowing JR and JO the open circuit

voltage V,, o can be dlrectly obtained from Fig 3~5 or calculated
from equation(i~8). The maximum output power can be obtained
directly from Fig 3=~5. Thus the photovoltalic energy conversion
efficiency can be computed in terms of equation (3=3).

III_4 Computation and discussion of the photovoltalc energy

conversion efficlency of a Germanium cell

Let us conslider a Germanium cell that possess the
following caracteristics :
Resistivity : 0.01 ohm-cnm
Minority carrier concentration in thermel equililibrium

at T = 300 K : = 1.7 x 107/ em3, p, = 3.57 x 10' fou®

p
and I..p = 0.05 cm , 7p = 100 microsecond
The temperature of radlant source is assumed at T = 2000 K.
And the incldent radiant nhotons with wavelength from
A=0 toA= 1.87 microns; E =0, s= 0.

With the help of above parameters and the formula
derived in section (III-3) some of the photovoltalc energy

conversion efflciency for Germanium cells are shown below:
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Germanium P-N cell

Resistivity : ¢ = 0.01 ohm-cm

Wavelength of incident photons :X= 0.4 microns to 1.87 microns
Diffusion length : _Lp = 0.05 cm

Base layer thickness dp = 0.9 Lp = 0.045 cm

Exposed layer thickness:dn= 0.005 em 0.025 cm 0.045 cm
Radient current density;Jg= 36.3 amp/cn? 33.8 emp/em 27.2 amp/cm
reverse saturation current:J, 4x10~7 o 6x10"7 7210”7 W
Ip/do 9.07x107 5.64x107  3.89x107
Open circult voltage:V, o 0.471 volts 0.46 0.45

Iy ;vo,c (volt-amp/cm?): 17.1 15.6 12.3

Py (Watts/cm2) : 13.5 12.31 9.69
Incident radiant power(watts) 91 91 91
Conversion efficliency: Ng 0.148 0.136 0.106

The results of the computation for various temperatures
end field strength are shown seperately in Fig 3-3 and Fig 3-4.
Fig 3=-3 shows that the photovoltailc energy converslon efficlency
of a Germanium cell increases with inocreasing temperature of
radlent energy source and decreases wlth increasing thlckness
of the exposed layer under no surface recombination and drift
field effects in the cell. The results indicate that the
optimum conversion efficiency of 15 % can be obtained provided
d, = 0.9 Lp = 0.045 cm, dp smaller than 0.1 Lp. If the radiant

P
energy source temperature increases to 5000 X, a conversion



- 65 =
efficiency of 28 % can be obtained for this cell. Fig.3-4
shows another set of curves indicating that the photovoltaic
conversion efficiency increases with increasing thickness
of the exposed layer with drift field E = 500 volts/cm and .

b em/sec. The results

surface recombination velocity s = 10
indicate that optimum conversion efficlency of Q.[67 could

be obtained if T = 2000°K, dp = 0.045 cm, d, = 0.045 cm,

D
E = 500 volts/cm and s = 104 om/sec.

The results of sbove analysis show that the photovoltaic
energy conversion efficlency depends strongly on the temperature
of radiant energy source as well as the dimensions of the cell

and the bullt-in electric field strength in the cells.
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SECTION IV
IV Conclusions
| Several conclusions can be drgwn from the study of the
effects of thé thickness of the exposed layer and of'the basge
layer of the cell; the wavelength of the incident photons
ahd the piesencé of a built-in\electric‘field énd surface
states ih the exposed layer of the cell on the quentum and
the photbvoltaic ehergy coﬁveision éfficlency§ |
1) For the case in which there are no electric field and no
surface}States in the exposed 1ayef of the Germanium dell,
the optimum average qﬁantum efficiency of 85% and an'optimum
’phbbovoltaié energy conversion efficiency of 15% can be dbtained
provided the dimensions of the cell are choosen such that
dp = 0.1 Ly = 0.005 cm and d, = 0.9 L, and the radiant source
is a b2ack body emitter at T = 2000 °K. If the base layer
thicknesses are fixed at dp = 0.9 Lp = 0,045 cm, then the
quantum efficlency decreases with increasing thickness
of the ezposed layer. Hence a thin exposed layer ( smaller
than 0.005 cm) P-N cell is preferable for this case.
2) For the case in which there are built-in electric field
and surface states exits in the exposed layer, the following
results have been observed:
a) surface recombination velocity below 1030m/sec. has little
effect on the quantum efflciency in the field free case

provided that the thickness of the exposed layer is smaller
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than 0.1l Lp { or 0.005 em for Germanium cells). And the
quantum efficlency decreases rapidly with increasing thickness
of the exposed layer and surface recombination velociﬁy.

b) The built-in electric field in the ekposed leyer of the
cell produces & great improvement on the quantum'eff;01ency
as well as photovoitaic energy conversion efficienoy'if'the
thickness of the exposed layer of a Germenium cell is greater
then 0.4 L. However, the built-in elctric field hes no
appreciable effects on the quentum efficiency if d, 1s smaller
than‘o.ﬂ Lps The qnantum efficiency increases rapidly with
increasing field strength up to 500 volts/cm. No appreciable
chénge of quaﬁtum efficiency for fileld strength greaﬁer than'
500 volts/cm. o

¢) For the case when both the electric field and surface
states exist in the exposed 1ayer; surface recombination
velocity below 108em/sec have no effect on the quantum
efficiency if the built-in electric field is greater then

500 voxts/cm. The surface effects control the quantum efficiency
under low field conditions. For this case it is preferable

tb choose a thicker exposed layer as a radient energy con-
version cell in order to get a higher quantum efficiency.

3) From the results of enalysis of the quantum efficlency

as a functlon of incident photons, 1t appears that in a

Germanium cell, quantum efficlency of unity can be obtained
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1f the wavelength of incident photons is smaller than

1.5 micions. The quantum efficiency decreases rapidly in
the long wavelength region (\>1.5 microns). It is suggested
that wavelength of incident photons greater than 1.5 microns
for the Germanium cell should be reflected and conserved

so that the average quantum efficiency can be improved.

L) Although the results of this study shows that increasing
the temperature of radliant energy source will appreclably
improve the photovoltalc energy conversion efficiency.
However;,thls improvement is offset by both limitations

of cooling facilitles and increasing losses of the input
power with increasing source temperature so that a proper
cholce of source temperature becomes important. It appears

that a 2000°K of black body radiant energy source is optimum.
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