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Abstract— The parameters for the generation—-recombination current and diffusion current of a solar cell
including series and shunt resistance are determined experimentally by a new method through applying equal
current steps to the cell rather than voltage steps. This allows a simple evaluation of the
generation—recombination current term in the presence of a low shunt resistance of the cell. In a second
measuring cycle the series resistance and the diffusion current term of the cell are determined in a similar way.
The presented method is a relative simple and low-cost analysis and it allows a quick and accurate on-line
determination of the parameters of the current—voltage characteristic, especially for silicon solar cells.

NOTATION
A.B constants evaluated by linear regression
/(N) impressed current {A]

Iy, saturation current for generation—recombination [A]
[ saturation current for ditfusion [A]

[, current step [A]

[, voltage-dependent diffusion current [A]
voltage-dependent generation—-recombination current
{Al

I, current through the shunt resistance [A]

n, diode-quality factor for generation—recombination
n, diode-quality factor for diffusion

R, series resistance [{}]

R.. shunt resistance [(1]
measured voltage [V]
forward voltage at current ¥/,
reverse voltage at current N/,
V, forward voltage {V]

V. reverse voltage {Vi= - .

k Boltzmann’s Constant (8.62 -
q Electron charge .

T absolute tempegature

1075 eV/K)

1. INTRODUCTION

The current-voltage characteristics of solar cells de-
scribed by the single-exponential equation, i.e. with only
the diffusion current term taken into account, has been
carried out using an analytical method by Picciano [1],
and using numerical methods by Bryant and Glew [2] as
well as by Braunstein er a/. [3]. The double-exponential
equation of solar cells, i.e. taking into account diffusion
current and the recombination generation current of the
space-charge region, is more closely related to the physi-
cal phenomena. There are two numerical methods which
are usually employed. In the first method, the diode-
quality factor for the recombination—generation current
is assumed to be 2 and the diode-quality factor for the
diffusion current is assumed as unity, so that the un-
known parameters are reduced to four (4, 5]. In the sec-
ond method, either the shunt resistance is neglected or
the diode quality factor for the diffusion current is as-
sumed as unity, and then in both cases the equation is
solved numerically to determine five parameters [6, 7].
Both numerical methods are based on the modified least

square fit for non-linear equations and require time con-
suming computer calculations. In this paper we develop
a simple and rapid method for determining the parame-
ters of the double-exponential equation for solar cells,
including shunt and series resistance and diode-quality
factors.

2. ANALYSIS OF THE CURRENT-VOLTAGE
CHARACTERISTIC

According to the equivalent circuit of a solar cell, as
shown in Fig. 1, the dark-current characteristic is given
by {4-8):

(H

[ =1, 41+ Ly,

where [, is the voltage-dependent generation-recom-
bination current:

V=1 R\
= [ — - . 2
s o {exp( ny o Va ) 1} @
I4 1s the voltage-dependent diffusion current:
V —-1I"R,
Ii=1In: <-—-—-——~———) - 1} 3
4 02 [CXP 0 Vo 3)

and /,, is the current flowing over shunt resistance R:
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Fig. 1. Solar cell equivalent circuit.
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o) —the voltage dependence of /o, especially for re-
verse voltages, is neglected—and /o, are constants and
represent the saturation currents of the generation—
recombination and diffusion process. respectively; n,
and n, are the diode-quality factors for generation and
diffusion. respectjvely. R, is the series resistance and
Va =(q/(k - T)|s the thermal voltage.

The functional dependence of the total current / on
the voltage V is determined by six parameters. In order
to evaluate these parameters, the current-voltage charac-
teristic is divided into three voltage region, so that cer-
tain simplification for eqn (1) are possible.

2.1 Voltage region 1: Reverse characteristic
V< —8V,

For voltages V < ~8V,, i.e. V = ~0.2 V the ex-
ponential terms in eqns (2) and (3) tend towards zero, so
that [, = —Io, and /; = —Iy,. Furthermore in most solar
cells, the saturation current [y, for the diffusion term is
several orders of magnitude smaller than the saturation
current /o, for the recombination—generation term.
Therefore the characteristic is then mainly determined by
the /,, term. Because of the low total current / flowing
in the reverse direction and the normally small values of
the series resistance R, (R, < 10Q), the voltage
drop 7 - R, can also be neglected. Thus, for this voltage
region. eqn (1) is reduced to:

1%
Rsh '

= o+ Ly = —loy T (3)
By applying a current [ with fixed current steps /, in the

reverse direction,,i..é..,!(z’\{) = N - (—[,), the differential
resistance is determined for each pair of V(N), (V) by:

AV VN D) - VN = 1)
R(N)“Az" 21, ‘

(6)

Then, the maximum value of R(N) = R 18 evaluated;
and a mean value for the shunt resistance Ry, is calcu-
lated as follows:

1 N;‘K
Rp = ———— > RN
PTK-J+ 15 W)

where R(J) is the first taken value from R(N) and R(X)
is the last value of R(N) which are located within an
interval of /Rmax — AR/. The value of AR can be se-
lected and represents a certain deviation from Reax, i.e.
AR/R max should be 2-5%.

2.2 Voltage region I[I: 'V <[5V,

For voltages V < 15 V,, fe. V < 0.4V, the dif-
fusion current of a silicon solar cell can normally be
neglected (6. 8, 9]. Furthermore, the voltage drop at the
series resistance is much smaller than the terminal
voltage V of the solar cell. In this case, the current-—
voltage characteristic is given by:

[y 14
/=lg*[m=lmeXp( V)“[m“‘"}g‘ﬂ (8)
sh

Nt Vi

By applying a current with V fixed steps in the torward
and reverse direction of the cell. so that V(1) = 4V, and
V(1) < —8V,, eqn (8) can be written for the forward
direction (index f) as:

VAN VAN)
)=l ( L Iy = (9
[(N or " exP N/ Vm/) o Ron ( )
and for the reverse direction (index ») as:
V.(N) )
1) = =l < 2 (10)
Rsh

{see eqn (5)]. Because equal current steps are applied to
the cell in forward and also in reverse direction, the
forward and reverse current is given by:

L=IN)=N-I, and [, = —[(N) =N - (L),

the summation of eqns (9) and (10) then yields:

W(N)) Lo, L W VN

0 = I exp(———‘—/— .

1t Ve

and the subtraction of eqn (10) from eqn (9) yields:

VN) Y W) - VV)

2°I(N) =1 >
l(l ) o exp(”l * Vrh/ Rsh

(12)

Equation (11) or egn (12) can be used to determine /o,
and ny; using eqn (11), one obtains:

ln[—-V/(N) - V.(N) + K(V)]

) 1
= In(R, - Io\) + T V(N) (13)
1 th

with

2 (1(1’\/) : RS,,—Vf(N)>

KWV =
ZR
{ex"(\z Vi) !

Setting y = In[~-V,(¥) = V.(N) + K(N)] and
x = Vi(N), eqn (13) can be written as:

y =A + Bx (13a)

where A and B are constants for a given solar cell. They
are determined by a linear least-square fit (linear re-
gression):

A = 1nllo, - R loy = CXP(A)/Rm (13b)

B = 1/{ny Va); n, = 1/(B - Vi), (13¢)

In an analog manner, eqn (12) can be applied to deter-
mine /o, and n,, also using eqns (13b) and (13c¢). In this
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case. the value of y is given by y = In[2 - /(N) -
R — VAN) + V.(N)],

2.3 Voltage region [{I: V = I5 Vy

If / =1, + I holds, which can easily be proofed
using the former results, then the current through the cell
is given by:

K.;’;ﬁ) Y

I =1;= Iy exp< I
The series resistance R, must be determined first, in
order to evaluate /o, and n,. In the literature several
methods have been investigated. Most of them are
based on illuminated current—voltage characteristics
measurements {8, 10~12). For sufficient accuracy in de-
termining R,, high illumination levels (several suns) are
necessary. A further possibility for the determination of
R, has been given by Araujo [4] and Wolf et al. {6] and
involves the method of minimizing the standard devi-
ation for a given set of measured and calculated current
values. Here we use the dark-characteristic measurement
of a solar cell in order to evaluate R,. With eqn (14),
one obtains:

Inl —Inle= (V-1 -R)/(n2a:Va). (13)

Subtracting eqn (15) for two pairs of V" and /, one obtains-

after some rearranging:

[3"[1- nz'V,h*I Vv—Vx

nil-/1,) R, R, In(fz/1))

(16)

where [, = [(N)and [, =[(N — 1) are the applied cur-
rents and V, = V(N) and V= V(N — 1) the measured
voltages. Again. a least square fit (linear regression) can
be made, with the vagables y = (I = 1;)/In(l>/I,) and
x = (V» — V\)/In(I,/1,). The series resistance is given
from the gradient of the linear regression line:

R, =1/B (17a)

or from the intersection of the regression line with the
y-axis with n, = L

Ry = ~ny Vrh/A = ~'Vm/A- (17b)

Consequently from one iteration process one obtains two
values for R,, one for n, % | [eqn (17a)] and a second
one, assuming n; = 1 [eqn (17b}].

If the condition [(N) > I,(N) + [,(N) is not satis-
fied. then /[, and /, are substituted by [, = I(N) —
INY—[aN)yand [y =I(N - 1) =~ [,((N -1~
I+(N — 1) and Rs can be estimated with eqns (16)—
(17b). The values for I, (V) and 1, (V) can be calculated
with the known parameters for [, and [4, with V =
V(N) — I(N)R,,. For two measured pairs of V and / in
the high-current region, one obtains from eqn (16) with
n, = | and setting R, = R,,:

Vo = Vi 11'1(’12/11)
Rsa = = Vi .

18
12"‘[1 [2“'[1 ( )
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The value of R,, can be considered as a rough approxi-
mation for R;.

As soon as a proper value of R; is found, /o and n,
may be determined. We start with eqns (1) and (4), and
obtain:

In{I(N) = [,(N) — La(N)}

= ln Ioz + (V(N) e 1([V> * Rs/(flz 4 V,;,)) . (19)
A linear regression [see eqn (13a)] can be carried out
with the variables y = In{I(N) — L,(N) = L,(V)} and
x = V(N) — I(N) + R,. This yields:

A =lnle; Iz = exP(A)

B = 1/("2 * V)i nz 1/(B + V). (20b)

3. EXPERIMENTAL

Figure 2 shows the block diagram of the experimental
arrangement. A personal computer (Hewlett Packard 86)
is used to control the measurements and to process the
measured data. As shown in Fig. 2 the current is applied
by a programmable current source (Keithley 220) and
the resulting voltage is measured by programmable dig-
ital multimeter (Keithley 195). The current source can
apply a current from 1 pA up to 100 mA, with steps
between 0.5 pA and 50 nA. In the effective voltage
range (£2 V) used, the digital multimeter has a resolu-
tion of 10 wV. A floppy-disc unit is connected to the
computer by a HP-IB interface as an additional mass-
storage unit. The sample is kept at constant temperature
during measurement.

The first step in the measurement procedure is to
determine the size of the smallest current step /,. With
the same number of steps in the reverse and forward
direction, the pairs of values (/(N), V(N)) are measured
(region I and II). With these data the parameters of the
shunt resistance R, the generation—~recombination cur-
rent term Jo; and the quality factor n, are calculated.

Following this, data are measured, starting at a cur-
rent level / which satisfies the condition [ = I; + a.
The current / is here increased with a factor C, i.e.
IN)=C -IN — 1), with C = 1.I-1.5 (region an.
With these data and the results of the previous calcu-
lations for R, lo: and n,, the remaining parameters for
the series resistance R, the diffusion current /o and the
diode quality factor for the diffusion current n, are deter-
mined. A simplified flow-chart diagram of the program
is shown in Fig. 3.

4. RESULTS AND DISCUSSION

As examples only two cells of several investigated
solar cells which had been differently processed will be
discussed in the following. Cell A was a mono-
crystalline, 10 Qcm resistivity, n"—p—p™ cell with an
anti-reflection coating. Cell B was a polycrystalline,
2 Qcm resistivity, n “—p-cell without an anti-retlection
coating. Both cells had an area of 4 cm?. During mea-
surement, the temperature was kept counstant at
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[EEE-488-Bus
COMPUTER || ppinTER PLOTTER CURRENT DIGITAL -
[DisPLAY SOURCE IMULTIME TER
FLOPPY SAMPLE
0i1s¢
Fig. 2. Block diagram of the experimental arrangement.
1ot : ,
L samples A Af‘r/ A
[ r=2°c 6664‘2 -~
Determination of step size | = Area = 4 cn2 74
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[L‘alculaflon of Im‘.n7 (egs. 11,12} }+——~———— 10 E_ ........ low %ith Ryp, = 31004 COnad
- ro--- leotg) ©ale.) with I = o[ +To
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HLli>1gelgp calculation 0 .1 .2 .3 .4 .5 .8
Vvl

ryes
| Measurement of Vi (L):I(L)=K-I(L-1) |

},ﬁ

L Calculation of Rs leq. 16)
]

l Calculation of .05 (2. 19}
i

B
Mea surement of the forward
current-voltage characteristic by
a continyous set of daota

1

Store, print or plot of measured

and evualated data

Fig. 3. Simplified flow chart diagram of the computer program.

T = 20°C. Figures 4 and 5 show the analyzed
currents [, Ia, Is and [, = I, + 14 + I as well as the
measured current—voltage characteristic. These figures
illustrate the good agreement between the calculated and
measured characteristics. In Table | all analyzed values
of the solar cell parameters are given.

To confirm the results obtained for the six parameters
to describe the current-voltage characteristic of a cell,
additional measurements under illuminated condition
were made, i.e. the dependence of the open-circuit
voltage V.. on the short circuit current /,. of the cell
under varying illumination level were measured and
these V.. and /. values were compared with those com-

Fig. 4. Current-voltage characteristic of Cell A.

o

lgy = 2.826-008 [Ampl Ny = 2.55
Inp = & 77E-012 [Amp) No = .88
10—7 02 =p. 2
with Ry, = 405 [Ohd
Smn Ligegy (eale) with T e Igefgpely
seses [, .01 Geom) with ¥ = Yo ~TeRy
Rq = -398(Chal
108 N S R T S R
o] W1 .2 .3 4 .3 .8

ViIv]
Fig. 5. Current-voitage characteristic of Cell B.

puted from the /-V characteristic using the analyzed
parameters. Under illumination of the cell a photocur-
rent [, (Fig. 1) is generated. This photocurrent has to be
added to egn (1). For V = V,. and I = O (open circuit
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Table 1. Calculated parameters of the investigated cells

PARAMETERS CELL A CELL B
Zen 371000 Ohm 400 Ohm
gy ing
according fo eq, 11 1919064 ; 247 |2.92.10°%4 ; 2.55
" eq. 12 {20706, 257 |258.107% ; 2.74
RS
according to eq. 16 0.446 Ohm 0.399 Ohm
eq16iny =7 0.449 " 0357
" refls)] 0.489 " 0.39% "
Toz y
according to egq. 19 3.68+10 ZA 9.77-70'72,4
refls] | 4.98907%4 8.2210° 2 4
n, according fo 2q.19 0.99 0.99
107 — T
e H
C CELL A% CALCULATED === ,
- MEASURED 0ATA o )
~  CELL B: CALCULATED —— )
N MEASURED DATA O /
B ?
10-2 —
N
[ -
@
10_3 -
70-{‘ -
— /
» /
/
L /
/
5 ! Yo ! R
0 J 2 .3 4 5 ] 7

voc vl

Fig. 6. V.-I,-characteristic of cells A and B calculated with »

the evaluated parameters and compared with measured values.

condition) one yields:

VGC
O= 101[exp<n - V) - 1}
1 th,

Ve Voe
+ Ioz[exp< v - 1} + R— - Iph (21)

N2V sh

and for V. = 0 and I = [, (short current condition) one
gets

I:r.‘ = IOI[ZGXP<:_]¥-'"_&) — 1}
/

1y Vi
=l R [ R.
+ loz[exp< n:‘_ Vth > - 1] Rsh - o (22)

From eqns (21) and (22) the relation between /.. and V,.
of a dark current analyzed cell can be calculated and
compared with measured data for 7. and V. of the cell.

As shown in Fig. 6 there is an excellent agreement
between measured and calculated data for the open cir-
cuit voltage V.. and the short circuit current /...

5. CONCLUSIONS

The procedure shown to analyze the /-V character-
istic of a solar cell is suitable to determine the parameters
of the generation—recombination and diffusion current
including the shunt and series resistance of the cell. By
this method time-consuming calculations are not neces-
sary and the measurements as well as the analysis of the
characteristic are made on-line. This is possible because
current steps are applied to the cell rather than voltage
steps. By this technique it is further possible to determine
the parameters by linear regression. The dark current
characteristic of the investigated silicon solar cells could
be well described by the model, which may be further
proofed by the measured and calculated [, — V. re-
lation of the cells.
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A COMPARATIVE STUDY OF EXTRACTION METHODS
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Abstract— A comparative study of three methods for extracting solar cell parameters of the single-diode
lumped-circuit model is presented. The methods compared are the curve-fitting method. an iterative
S-point method and a recently proposed analytical 5-point method. Parameter values were extracted using
these three methods from experimental characteristics collected from two silicon cells over a range of
illuminations and temperatures. The results show that the curve-fitting method can often give erroneous
parameter values and the reasons for the errors are discussed. The 3-point methods are found o be
reliable and accurate in situations where the model is a good approximation of cell performance. The
analytical 5-point method, however, has the added advantage of simplicitv. It is also found that for the
cell measured, the single diode model is valid at illuminations above one-haif AM1 but gives non-physical

parameter values at lower illumination.

NOTATION

o standard deviation of current deviation

¢ area deviation as defined in eqn (16)

area deviation as defined in eqn (15)
experimental current value at ;th data point
current at maximum power point
photocurrent
I. diode saturation current
I,. short circuit current
theoretical current value at ;th data point
k Boltzmann's constant

n diode quality factor
N number of data™Points

g electronic charge
lumped series resistance

R,, lumped shyat resistance
R, reciprocal of slope at short circuit point
reciprocal of slope at open circuit point
T temperature (K)
experimental voltage value at jth data point
voltage at maximum power point

open circuit voltage
Ve kT/q
theoretical voltage value at jth data point

1. INTRODUCTION

The determination of solar cell model parameters
from experimental data is important in the design
and evaluation of solar cells, While a number of
methods have been suggested for measuring the series
resistance of a solar cell, other parameters, which are
also important, have not received the same amount
of attention, and few direct methods of extracting
these other parameters have been proposed.

The most commonly used method for measuring
the series resistance of a solar cell was first proposed
by Wolf and Rauschenbach{1]. This involves mea-
suring the characteristic of a cell at two different
illuminations. Two advantages go with this method:
firstly, it does not require prior knowledge of the
other model parameters such as junction ideality

i29

factor, reverse saturation current and shunt resis-
tance, provided that the parameters remain constant
at the two illuminations and operating points. Sec-
ondly, the method can be used as a small-signal
technique {2]. The method of Rajkanan and
Shewchun(3], using data from a dark and an il-
luminated characteristic, gives a value of R, based
on assumptions that parameter values do not change
with illumination. We have found that mode! param-
eters do change with illumination and that large
errors may result. The method of Araujo et al.[4],
using the area under an /-V curve, has many im-
plicit assumptions which renders it accurate only for
very low R, and high illuminations(2}.

A method for the direct measurement of shunt
resistance was proposed recently[5]. This involved
the measurement of open circuit voltage and short
circuit current at very low illuminations such that the
dark diode current would be negligible compared
with the dark shunt current. The other methods of
extracting the parameters in the single diode mod-
el involve either lengthy curve-fitting procedures
or iterative calculations{6~11]. Otterbein er al.{7]
minimised the sum of the squares of the residuals
and thus arrived at a set of values of R, n and /..
However, shunt resistance was neglected. Araujo{8]
used a similar technique in fitting his data to a two
diode model which also neglected R,. Other
authors[12] have suggested that curve fitting can give
erroneoils parameter values and ought to be used
with care.

Kennerud (9] and later Charles[10] proposed an-
other iterative method based on fitting a theoretical
curve to the experimental voltage and slope at the
open circuit point, the maximum power point
(V,,I,). and the current and slope at the short
circuit point. This will be referred to as the exact five
point method throughout this paper. Although this
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method does not try to fit the model to every point
of the curve, it does generate a curve that fits the
experimental data well, enabling all the five model
parameters to be extracted. There are however prac-
tical difficulties in measuring the short-circuit and
open-circuit slopes accurately. We have recently pro-
posed a method [13], similar in principle to
Kennerud's, that provides a direct analytical extrac-
tion of the five parameters using the experimental
data points V., 1., Vi, 14, Ry and R ;.

In this paper, a compamtlve study is presented of
parameter values obtained over a range of illumina-
tions from 3 extraction methods, namely the exact
and the analytical 5 point methods and a curve-fit-
ting method using a more appropriate minimisation
criterion than that used by most other authors.

2. THEORY OF METHOD

2.1 The analytical five point method

The single diode lumped parameter equivalent cir-
cuit of a solar cell is given in Fig. 1. At a given
illumination, the current-voltage relationship is given

by
V+IR, V+ IR,
]=[Ph—' T ‘—[: pr‘—_——““l.

nVy

D

It has been shown({9] that the circuit parameters
[p,,, R,, R, I and’n at a particular temperature
and illumination can be computed from the values

v. L.V, I 6 R, ad R, (Fig 2) measured

o¢r Sser m?

from the /- V characteristic,

D.S. H. CHAN et al.

. d
tph SZ Rsh

Vg
Id = g EXD(-n—V?- 1>

Fig. 1. The single diode model for soiar cells.

The following non-linear equations can be derived
from the circuit model:

V. I R
I( 2 ;
R, i
_ —d ) el = i
; (“ ) Lo o
1 L Ve \ 4 _ <
(Rro Rs)(R +)’IV = ’;77-)—1—0 (J)
1 1 I, R,
TR Rt =0
[‘ V)( “~ 0 ‘/’"
PV T TR,

R +R, 7,
—(1%—-——‘-—) Iexp-———-—-— 0. (5

|

!

|

!

}

|

!

[

!

|

| a2
|

|

|

!

!
¥m

o144

Fig. 2. Input parameters for the 3-point methods.
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Kennerud[9] and Charles et «l.[10] have shown
that the four parameters, n, [, R, and R, may be
determined by using the Newton—Raphson method
of solving the non-linear simultaneous equations
(2)~(5). However, this method requires extensive
computation and also good initial guesses for the
iterations to converge. In many cases, it was found
that there are difficulties in determining these guesses
in order to solve the equations[11]. Thus, there is a
need for analytical expressions that will enable the
direct determination of I,,, n, I, R, and R,,.

By considering the parameter values for typical
cells and making some approximations[13], eqns
(2)~(5) can be simplified to the following:

I//)(' Vl)(' .
Isexpn—-‘/’_—[w+?—;= (6)
[t VI)(' —
(Rw-Rx);{I_/;cxp;—V—T‘ =0 . (7)
Rs‘h - R\/m (8)

LY (9)

From these equations an analytical expression for »n
in terms of the measured parameters is

1% for R, in the range 1-150 mQ and R,, in the
range 30-3000 Q.

2 Curve fitting techniques
The advantage of the curve fitting method is that
all the points in the curve are used. resulting in a
higher level of confidence in the parameter values
obtained. Many workers (e.g. {8], [12]) have used the
standard deviation of the current as the fitting crite-
rion, where the standard deviation is defined by

f 3
_ _1_ . ( 1/!)] ( e\o)] )
o—\/“ngl( ( exp) ) . (14)

The use of this criterion tends to give a very good fit
to the part of the curve near the open circuit region
at the expense of the quality of fit in the shori-circuit
region. This arises from the fact that relatve current
errors tend to be much larger near the open-circuit
region where the d//dV slope is steepest. For a
similar reason the use of voltage deviation as a fitting
criterion gives a good fit at the short circuit region at
the expense of the quality of fit at the open circuit
region. Another undesirable feature is that the value
of o may be heavily dependent on the distribution of
data points in the characteristic, thus undermining
its usefulness as a yardstick of comparison between
qualities of fit of different characteristics.

In this work the area, “A Area,” berween the theo-
retical and experimental characteristics in the
quadrant of interest is used as the criterion of fit (see
Fig. 3). Using the trapezoidal rule this area can

V +RY4)['7I.. e
n=
- ; " . .
Veiln| I, — 52 —1,|=In| 1, - 52|+
T ( ¥ R-Yho ) ( R\'h I Vuc
e Rsho (10)
be given by

AArea= ) ABS

Nl <[([rh)/+( h)/ 1 (exp)j-‘-l—(chp)j}((llcxp)j-—l_(chp)/)}’

BHEH AR ey L o
BB

j=1
I, R, and [,, may then be found from
Voe Voe
I, = (I“, R:h) exp(—- nVT) 1D
nv-: V..
R:= :o__[;Iexp(_nVT> (12)
) R: i [.Tt'RS
Ly=1, 1—1——}2:'; + I | exp v, - 1].
(13)

The errors present in the parameter values ob-
tained from the analytical expressions in eqns

(10)—(12) were computed [13], and found to be within

2 (15)
Minimisation of A Area would give the best fit evenly
over the entire characteristic. We can extend this by
suggesting a parameter ¢ to describe the quality of fit
between the theoretical and experimental curves. This
parameter can be obtained by normalising A Area by
the total area under the experimental /~F curve.
Thus

AArea

=Ni1 ([cxp)/ +([cxp)j‘l]2((l/;w)f‘l —*(V:"P)/J .

=1

(16)

This parameter ¢ is independent of the distribution
of points and provides a good basis for comparing
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qualities of fit of different circuit models to an over-
all characteristic.

3. EXPERIMENTAL METHODS

Current-voltage characteristics of solar cells were
measured through a microcomputer based data log-
ging system utilising 12 bit A/D and D/A con-
verters and a Keithley 227 current source as a vari-
able load. About 60 points were logged for each /- V'
characteristic and the process of measurement took
about 1 sec. The device under test was mounted on a
large temperature controlled aluminium block and

ILLUM . 4u T—"\/’WLA”P

was illuminated by a tungsten lamp powered by a
d.c. current source. The combination of temperature
control and high-speed data collection ensured that
the characteristics were measured at a constant tem-
perature known to within 1°C. In order to minimise
the effect of the wire resistance on the measurements,
a four wire technique was used. A block diagram of
the measurement system is shown in Fig. 4.

The slopes of the characteristic at short circuit

) and open circuit (= Rl

(= R
sho 50
measured using an a.c. technique. For R, a 100 Hz

) conditions were

!
CONTROL | | l l L :
[ \ | |
l z
T | J } —
QISPLAY T S e
— I8__] )
—
l X
L - |
HEATER
CONTROL DAC
A COMPUTER
& SOFTWARE
X-Y PLOTTER
DISPLAY &
KE YBOARD
y
PRINTER

Fig. 4. The experimental measurement system.
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small signal current of typically 2 mA amplitude was
applied to the open circuit solar cell and the re-
sulting ac voltage of typically 1 mV was measured
with a digital meter. For the measurement of R,
the device was maintained in the short circuit condi-
ton by varying the current source to maintain ap-
proximately zero voltage across the device terminals.
In practice, this was difficult to achieve as very small
changes in the short-circuit current caused large
changes in the voltage. While this condition was
maintained, an a.c. current source of typically 0.1
mA amplitude was superimposed on the d.c. short
circuit current, and the resulting a.c. voltage of
50-100 mV was monitored. The values of R, and
R, measured using the a.c. method were compared
with those taken from the -V characteristic. There
was general agreement between these two methods,
but the a.c. method always gave a more consistent
result as would be expected. However the determina-
uon of R, was possible only to an accuracy of
about 10%.

4. DISCUSSION OF RESULTS

Two 3 inch cells with efficiencies of 11% and 14%,
respectively, were measured at different illuminations
and temperatures: Cell =1, with an efficiency of
14%, was measured at 30°C over a range of illumina-
tions, while cell =2 was measured at above half
AM1 at 60°C and 90°C. From the data collected, the
five parameters of the single diode model were ex-

tracted for each characteristic in three ways for com-
parison purposes:

a) By the analytical 5 point method using eqns (8),
(10)-(13).

b) By the exact 5 point method in which egns
(2)—(5) are iteratively solved.

¢) By curve fitting techniques, i.e. finding the set of
parameters which gave a minimum value for AArea.
The results of these methods are presented in Table 1
together with the values of ¢ as defined in eqns (16).
A comparison of these results shows that the dif-
ferences between the analytical and the exact 5 point
methods are negligible, confirming the results of the
error analysis in[13]. A comparison of the results
from the analytical and curve fitting methods showed
that 7,4, n, I, from the two methods were virtually
identical. However, there were differences in the val-
ues of R, and R, which were significant at low
illuminations. Despite these differences, these results
indicate that for shert circuit currents above 600 mA
(or roughly half AM1), the analytical 5 point method
provides parameter values which are similar to that
given by the time consuming curve fitting method.
The values of n are virtually identical and the values
of I, differed by not more than 5%, while the values
of R, differed by not more than 13%. The large
difference in the value of R, are noted. and the
causes for this will be discussed.

In order to investigate the problem in recovering
R,,, theoretical /-V characteristics were computed
using the parameters obtained by the different meth-

Table 1. Extracted parameter values using 3 different extraction methods

bepro

Y~y
Cell Temp DATA lee Ion n Ig Re Reh €
CODE (A) (&) ©a) (mQ) Q) (%)
#1 500¢C SN1 ANAL, 5 PT. 0.7766 0.7766 1.379 1.341 10,32 142.0 0.1570
EXACT 5 PT. 0.7766 0.7767 1.379 1.338 10.35 142.9 0.1588
CURVE FIT 0.7766 0.7775 1.379 1.333 9.095 71.00 0.08489
#1 50°¢ SN2 ANAL. 5 PT. 0,7112 0.7112 1.359 1.087 10.92 140.0 0.1905
EXACT 5 PT. 0.7112 0.7112 1,359 1,085 10.95 140,7 0.1916
CURVE FIT 0.7112 0.7121 1.359 1.072 9.716 69.39 0.09305
£1 500¢ SN3 ANAL, 5 PT. 0.6049 0.6049 1.353 0.9787 10.38 148.5 0.2200
EXACT 5 PT. 0.6049 0.6049 1.352 0.9765 10.42 149.2 0.2212
CURVE FIT 0.6049 0.6056 1.353 0.9674 8.789 76.53 0.09803
#1 500C SN&4 ANAL. 5 PT 0.5519 0.5519 1.345 0.9089 9.733 152.0 0.1755
EXACT 5 PT. 0.551¢9 0.5199% 1.345 0.9069 9.781 152.6 0.1766
CURVE FIT 0.5519 0.5524 1.345 0.9006 8.561 81.23 0.1112
#1 500cC SN5 ANAL, 5 PT. 0.4993 0.4993 1.358 0.9998 9.751 157.0 0.2174
EXACT 5 PT. 0.4993 0.4993 1.358 0.95976 9.809 157.7 0.2194
CURVE FIT 0.4993 0.5002 1.358 0.9919 6.237 73.95 0.1024
#l 50°¢ SN6 ANAL. 5 PT. 0.4500 0.4500 1.366 1.021 6.913 161.0 0.1885
EXACT 5 PT. 0.4500 0.4500 1.365 1.01¢9 6.981 161.8 0.1897
CURVE FIT - 0.4500 0.4504 1.365 1,018 J.661 88.86 20,1058
#1 500C SN7 ANAL. 5 PT. 0.3915 0.3915 1.363 0.9686 4.335 165.0 0.1966
EXACT 5 PT. 0.3915 0.3915 1.362 0.9660 4.415 165.7 0.1560
CURVE FIT 0.3915 0.3919 1.362 0.9713 0.6384 98.8 0.1050
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Table 1. Continued

Temp DATA Ise h n Is Rg [
CODE (a) ) (ua) (mQ)} €173 )
v

s00¢ SN8 ANAL. 5 PT. 0.3500 0.3500 1.369 1.014 4.192 170.0 0.2463

EXACT 5 PT. 0.3500 0.3500 1.369 1.011 4.295 170.8 0.2480

CURVE FIT 0.3500 $¢.3500 1.36% 1.004 -0.2852 90.22 0.1268

50°¢c SN§ ANAL. 5 PT. 0.2993 0.2993 1.388 1.155 0.6731 173.0 0.2601

EXCAT 5 PT. 0.2993 0.2993 1,387 1.152 0.8056 173.9 0.2624

CURVE FIT 0.2993 0.2998 1.386 1.134 -6.154 94,20 0.1480

500¢C SN10 ANAL. 5 PT, 0.2498 0.2498 1.396 1,219 ~-2.370 175.90 0.3457

EXACT 5 PT. 0.2498 0.2498 1.396 1.215 -2.184 176.0 0.3488

CURVE FIT 0,2498 0.2502 1.394 1.181 -9.657 102.7 0.1411

50°¢C SN11 ANAL, 5 PT. 0.2007 0.2007 1.405 1.228 -7.464 178.0 0.3003

EXACT 5 PT. 0.2007 0.2007 1,404 1,223 =-7.172 179.0 0.3023
CURVE FIT 0.2007 0.2007 1,404 1,220 -18.38 128.5 0.07785

s500¢ SN12 ANAL, 5 PT. 0.1501 0.1500 1.467 1.907 -22.02 176.0 0.3602

EXACT 5 PT 0.1501 0.1500 1.466 1,900 -21.50 177.4 0.3663

CURVE FIT 0.1501 0.1503 1.465 1.86! ~35.31 129.38 0.1945

#1 5009¢ SN13 ANAL, 5 PT. 0.09981 0.09981 1.547 3.093 -59.83 178.0 0.299¢%
EXACT 5 PT. 0.09981 0.09978 i.547 3.092 -58.73 180.1 J.3170

CURVE FIT 0.09981  0.1000 1.546 3.058 ~77.16 7 0.2031

#1 500¢ SN14 ANAL, 5 PT. 0.04818  0.04818 1.671 5.530 ~147.7 199,90 0.4549
EXCAT 5 PT. 0.04818 0.04818 1.672 5.581 -145.4 203.3 0.4989

CURVE FIT 0.04818 0.04830 1.671 5.563 ~162.3 203.9 0.2664

#2 600¢ B 706A  ANAL, 5 PT, 0.7002 0.7002 1.504 5.964 21.59 18.80 0,2033
EXACT 5 PT. 0.7002 0.7010 1.500 5.798 22.05 18.85 0.2348

CURVE FIT 0.7002 0.7019 1.499 5.745 19.98 15,11 0.1105

42 600¢C B 806A ANAL, 5 PT. 0.799%4 0.7994 1.502 6.138 24 .86 18.77 0.2717
) . EXACT 5 PT. 0.799% 0.8005 1.499 5.994 25.2 18.82 0.2834

T CURVE FIT 0.7994 0.8016 1.499 5.942 22.54 14.55 0.0900

#2 500¢ B 906A  ANAL, 5 PT. 0.9050 0.9050 1.559 9.913 22.33 18.85 0.1665
L EXACT 5 PT. 0.9050 0.9061 1.556 9.716 22.64 18.95 0.2121

CURVE FIT 0.9050 0.9068 1,555 9.669 21.37 15.30 0.0971

#2 900C B 709A  ANAL, 5 °T. 0.7163 0.7163 1.407 32.23 28.30 15.74 0,1791
EXACT S PT. 0.7163 0.7176 1,405 31.84 28.81 16 .00 0.2468

CURVE FIT 0.7163 0.7184 1.405 31.56 26 .49 12.30 0.0804

#2 90¢¢ B 809A  ANAL. 5 PT. 0.8315 0.8315 1.64] 42.50 27.62 15,35 0.1559
EXACT 5 PT. 0.8315 0.8330 1.441 42.49 27.99 15.70 0.1672

CURVE FIT 0.8315 0.8335 1.441 42.16 27.08 13.35 0,0666

#2 soec 3 9094  ANAL, 5 PT. 0.9356 0.9356 1.490 62.57 26.80 15.07 0.1297
EXACT 5 PT. 0.9356 0.9373 1.491 63.11 27.09 15.59 0.1150

CURVE FIT 0.9356 0.9375 1,491 63.06 26.51 13.99 0.0782

ods. The theoretical characteristic and the corre-
sponding experimental curve for one illumination
level are shown in Fig.5(a). The current error 7, —~
I..p is also plotted in Fig.5(b) for both analytical and
curve-fitting methods against device voltage. It was
found that all the characteristics at varying illumina-
tions had similarly shaped error plots. Two compo-
nents of current error can be distinguished: one is a
random scatter caused by noise in the experimental
data, the other is a systematic error which can be
attributed to the deviation of the characteristics of
this device from ideal single diode model behaviour.
It can also be observed that the analytical method

has very small errors at the short circuit, open circuit
and maximum power regions. The good fit that is
achieved at the short circuit region is the result of
setting R, to be equal to the slope of the character-
istic at short circuit. The curve fitting method on the
other hand gives a lower overall current error at the
expense of accuracy in the short circuit region. This
lower overall error is obtained by altering the values
of R, and R,,, and in some cases 1o the exient that
R, is half the value of R, .

It can be argued. however, that while curve fitting
produces a lower value of ¢, it does not give a more
accurate value for R, and R;,. From the analysis
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Fig. 5. (a) Comparison of experimental data (data code SN1) with the /-t characteristics generated from
parameters extracted with the analytical 5 point and curve fitting methods. (b) Plot of the current
deviation of the theoretical /-~ characteristics from the experimental data (data code SN1).

ziven above, it is evident that R, should be very
close to R,,, for most cells, and curve fitting, by
using a value of R, which is much lower than R,
is actually compensating-for grrors nearer the maxi-
mum power point. These errors, though quite small,
are problems inherent in fitting the single diode
model to the experimfental data. As Fig. 5 shows, the
decrease in the value of R, is in turn a compensation
for the decrease in the value of R,,. In Fig. 6(a), € is
plotted against R, for fixed values of the other
parameters. Note that R, for this computation is
fixed at 142 Q which is the value of R,,, measured
by the small signal method. This graph shows that
the minimum ¢ occurs when R, = 9.9 m{ which is
very close to the value of R, =10.3 mQ obtained by
the analytical method. The analytical method there-
fore gives a value of R, very close to the best fit
value when R, is fixed at R ,,.

The graph in Fig. 6(b) gives a plot of ¢ against R,
for fixed values of the other parameters. Here R,
was set at 10.3 m@, the value obtained by the
analytical method. The minimum value ¢ occurred
when R,, was 120 Q. However the random scatter of
the experimental data ought to be considered. From
Fig. 3(b), random scatter on average makes up 10%
of the current error, implying that a reasonable
estimate of the uncertainty in ¢ would also be 10%.
This would give from Fig. 6(b) an R,, range of
90-180 Q. Thus curve-fitting is an extremely insensi-
tive method of determining R_. This is because,

apart from its effect on the short circuit region, this
parameter has negligible influence on other parts of
the characteristic.

It can be seen therefore that the curve fitting
method produces values of R, different from the
5-point method because of small deviations in the
cell characteristics from ideal single diode behaviour.
Curve fitting allows all five parameters to vary inter-
actively while optimising the overall fit, and. because
the theoretical current values are relatively insen-
sitive to varnations in R, the fitting process pro-
duces large changes in R, to accommodate rela-
tively small current errors in other parts of the
characteristic, resulting in compensating changes in
the final value of R_. Errors are thus introduced in
the final values of both R, and R,. The 5-point
methods, by measuring the short and open circuit
slopes of the characteristic, give more reliable values
for both shunt and series resistances.

The accuracy of the analytical method is also
dependent on the accuracy with which the 5 data
points are measured. The slopes, in particular, the
short circuit slope, are more difficult to determine
accurately than the other data points. However, the
small signal method enabled R,,, to be determined
to about 10% accuracy and the results show that this
is sufficient to give accurate parameter values. The
series resistance of the two cells in Table 1 were 10
and 20 m{, respectively, while their shunt resis-
tances were 100 and 208, respectively. It is expected




336

0.9¢
0.8}
0.7F
0.6F
(%) 0.5F
0.L¢
0.3F

D. S. H. CHAN ez ul.

10.32mn
|
i
i
1

0.23-
0.22F
0.21F
0.20¢
019 ¢

E gast
(5,018
017+

0.16
015r -
0.4

Error band
FREVES o Rsh
012
0N |

T

Lo
15 16 17

error band

i ] 1 1 '

0.10 1 L L L : L il

0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300
Rsh(n')

Fig. 6. (a) Plot of ¢ for different R, values with all the other parameters held at the values obtained from
the analytical 5-point method (data code SN1). (b) Plot of ¢ for different R, values asin{a).

that cells with larger R, and smaller R, would have
slopes which are easier to measure accurately, and
thus pose less of a problem to the analytical method.

All three parameter recovery methods gave nega-
tive values of R, at low illuminations (as shown in
Table 1). This would seem to indicate that the one
diode model does not give a good description of cell
behaviour at low illuminations. Negative resistance
values have been also reported by Bryant and Glew [6]
for CdS cells.

5. CONCLUSIONS

The analytical 5-point method for the extraction of
parameters in a single diode model is shown to give
accurate reliable results in situations where the model
is an accurate description of cell performance. This
method gives parameter values which are very similar

to those obtained by curve fitting techniques, but is a
faster and more convenient method for parameter
extraction. The single diode method is found to give
an accurate description of cell performance at il-
luminations above half AM1, but gives non-physical
values at low illuminations.
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Summary

In this article the commonly used techniques for measurement and
evaluation of solar cell devices and materials are reviewed. Topics covered
include determination of the solar cell performance parameters under
simulated solar illumination, the electrical characteristics to obtain inter-
nal device parameters, the spectral response and quantum efficiency, the
minority carrier lifetime and diffusion length, and the surface recombina-
tion velocity. The merits and limitations of the techniques are also dis-
cussed.

1. Introduction

There has recently been remarkable activity in terrestrial photovoltaic
research, with a wide range of materials systems under current development.
The performance of solar cells depends critically on the properties of the
semiconductor materials as well as the nature of the photovoltaic barrier
interface. Apart from evaluating the solar cell performance under simulated
radiation, it is necessary to measure the basic material and interface param-
eters in order to assess the scope for further improvement in cell efficiency.
In this review a number of techniques used toward this end are described
and their advantages and limitations discussed. Starting with a development
of the basic equivalent circuit of the solar cell, the experimental procedures
for evaluating the performance as well as the internal interfacial parameters
are described. Then the techniques for measuring the material parameters
of greatest significance to solar cells, i.e. minority carrier lifetime, diffusion
length and surface recombination velocity, are discussed in detail. The
survey is by no means exhaustive, but it is of general applicability to the
characterization of a diverse range of solar cell structures.

0379-6787/85/$3.30 © Elsevier Sequoia/Printed in The Netherlands
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2. Basic solar cell structure and equivalent circuit

Figure 1 shows a schematic diagram of a typical solar cell structure,
comprising a top window layer (with carrier collection grids), a depleted
photovoltaic barrier region (p—n homojunction, p—n, n-n* or p—p* hetero-
junction, Schottky barrier, or metal/insulator/semiconductor Schottky
barrier) and the principal semiconductor absorber (with back contacts).
The photovoltaic barrier separates out the electron—hole pairs photogen-
erated within a diffusion length on either side of the barrier (as well as
within the barrier itself), thus constituting the photocurrent I,,. The net
current I flowing through the lead can be written as

I=In(¢) — L(V) (1)

where I, is a bucking current caused by the partial recombination of
photogenerated electron—hole pairs and depends only on the cell voltage
V, and I, is a function only of absorbed photon flux ¢ per unit time.
In general I,, may be voltage dependent, while I,, may be a function of
illumination, but the simplification of eqn. (1), the so-called superposition
principle or shifting approximation, is generally valid except for certain
thin film cells such as those based on CdS, and possibly for cells operating
at high solar concentration.

The precise expressions for I, and I, are functions of material param-
eters and interfacial boundary conditions and have been derived for a variety
of solar cell configurations [1]. For the appropriate choice of device geom-
etry and contact parameters, I, approaches the maximum theoretical
value of the given incident radiation. In contrast, the bucking current I,
may consist of several components in parallel (and some in series) but at
the operating range of solar cells only one of these parallel mechanisms
is likely to dominate. Almost invariably these bucking current mechanisms
have an exponential dependence on voltage V, so that eqn. (1) can be
rewritten in the familiar form

qV
I=Iph—Io§exp(ﬁ)—1E (2)

Sun

I
Top contact
grid +

d Window
SRy

w Photovoltaic barrier v

L= Absorber 4

T TBack ohmic

|-
l contact

Fig. 1. Schematic diagram of a general solar cell structure.
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where I, is the saturation current, q the electronic charge, k the Boltzmann
constant, T the absolute temperature and n > 1 the so-called “‘ideality fac-
tor”. The values of n and I, depend strongly on the mechanism of bucking
current transport to be discussed in Section 3.3. From eqgn. (2) the open-
circuit voltage V. can be written as

nkT I
Voo ® —— In{= (3)
q Iy

since the short-circuit current I, = I,,, > I,.

The current—voltage (I-V) characteristics of a solar cell in the dark and
under illumination are shown in Fig. 2. It is evident that the effect of illu-
mination is a simple vertical shift of the dark I~V characteristic (bucking
component) by I,,. The cell efficiency is computed at the maximum power
point (V,, I,) on the illuminated I-V characteristic as

Vinlm
n =

= FF —=2 (4)
where P;, is the input optical power and FF (<1) is the fill factor, which
is a measure of the ‘“‘squareness’” of the illuminated I-V characteristic.
It can be seen that the fill factor is the ratio of the areas of the two broken
rectangles in Fig. 2. It should be noted that the I-V characteristic of a
solar cell approaches that of an ideal d.c. power source (an ideal voltage
source up to a certain current and an ideal current source beyond) and
hence is inherently protected for all passive loading conditions.

It is convenient to represent the solar cell under illumination described
by eqn. (2) by means of an equivalent circuit as shown in Fig. 3(a). A more
complicated equivalent circuit including the parasitic series resistance R,
(due to bulk and contact resistivity) and the shunt resistance R, (due to
surface leakage and other shunt paths) is indicated in Fig. 3(b). Equations
(2) and (3) must now be modified to account for the voltage drop across

I _7_]/Load line

Fig. 2. Solar cell -V characteristics in the dark and under illumination.
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(a)
Fig. 3. (a) Simplified equivalent circuit of a solar cell; (b) equivalent circuit with series
resistance R and shunt resistance Rg;,.

R, and the current through R, . R, and R, will affect all the cell perfor-
mance parameters, but for the usual values encountered in practical cells
they contribute mainly to a reduction in the fill factor (see Section 3).

3. Current—voltage characteristics

The I-V characteristics under illumination provide the essential perfor-
mance parameters of a solar cell, i.e. the open-circuit voltage V,., the
short-circuit current I, the fill factor FF and hence the cell efficiency. In
addition, the I-V characteristics taken in the dark, particularly with tem-
perature as a parameter, are very useful in identifying the limiting recom-
bination mechanisms in the cell as well as in evaluating the internal cell
parameters such as the series resistance R, the shunt resistance Rg,, the
diode ideality factor n and the dark or bucking saturation current /.

3.1. Cell performance parameters

The illuminated I-V characteristics are most conveniently determined
with a solar simulator, since terrestrial solar irradiance is highly variable
depending on the location of the laboratory, the season, the time of day,
the cloud cover etc. For terrestrial applications the spectrum chosen is
usually air mass (AM) 1, corresponding to normal incidence, or AM 2, cor-
responding to oblique incidence at an angle 6 = 60° between the Sun and
the zenith, so that the thickness of the air mass penetrated with AM 2 is
twice that of normal incidence (AM X corresponds to X = sec 8). For space
applications the spectrum used is referred to as AM 0 and accurate measure-
ments on such solar cells are often carried out in high altitude balloons
and jet aircrafts. Figure 4 shows the solar energy spectrum for AM 0 and
AM 2 conditions [1], and Table 1 lists the approximate values of solar
irradiance for the typical solar spectra encountered [1].

It is obvious that any light source used for solar simulation in the
laboratory must have a spectral distribution which closely matches that of
the solar spectrum of interest. A number of schemes involving high power
lamps and suitable filters are available, some of them as commercial units.
However, it is virtually impossible to match the solar spectrum exactly and
so the use of calibrated reference cells furnished by Government agencies
such as the National Aeronautics and Space Administration (NASA) and
the Jet Propulsion Laboratory is resorted to. A relatively simple terrestrial
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Fig. 4. Solar energy spectrum under AM 0 and AM 2 conditions.

TABLE 1

Approximate value of solar irradiance at various insolations

Air mass Solar power density
(mW em™?)

AMO 135
AM1 100
AM 2 75

o 0O 0O

/N /TN ATn ELH

Lamp array

Solar Cell Probe

\ P

Temp. - controlled /:;"’ To recording
Stage TRL instrument

o

Current — sensing
resistor

Fig. 5. Schematic diagram of a simple test structure for illuminated I-V measurements.

simulator illustrated schematically in Fig. 5 employs an array of ELH quartz
halogen lamps [2]. A NASA cell is used in place of the cell to be evaluated
and the lamp voltage is adjusted to obtain the calibration value of the
short-circuit current from the reference cell. Subsequently, the illuminated
I-V characteristics of the test cell for the chosen AM X spectrum jay be
traced on an x—y recorder by varying R; from zero to infinity, or by con-
necting a semiconductor curve tracer across the cell. It is important to keep
the cell temperature at a constant reference value (300 K) and for this
purpose it is desirable to mount the cell on a temperature-controlled stage,
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preferably using a thermoelectric module so that cooling is possible. In
choosing a reference cell, the most important criterion is that the spectral
response of the reference cell matches that of the test cell, so that accurate
measurements can be made with any simulator [2]. However, because of
the enormous diversity of solar cell materials and devices under current
development, use of the standard silicon reference cells for simulator cali-
bration can result in considerable errors, principally in the measured short-
circuit current and efficiency. An accurate, though cumbersome, alternative
is to use an absolute efficiency measurement by determining the quantum
efficiency of the cell as a function of wavelength (Section 4) and then
convoluting it with the appropriate solar insolation [3, 4]. The use of an
absolute efficiency measurement also easily lends itself to computer-
assisted measurement and evaluation.

The values of V,. and I, are readily obtained from the x-y recorder
or curve tracer plots as the x axis and y axis intercepts respectively. The
maximum power point (V,, I,) can be obtained by iteration or by using
an automatic plotter to plot P= VI versus V or I from which P, = VI
can be determined [5]. It is also possible to digitize the entire illuminated
I-V data and to process it to obtain the fill factor FF and the power effi-
ciency 1 (compare eqn. (4)). The input power density P;, is known for the
simulated solar insolation (Table 1). In reporting the short-circuit current
density J. = I,./A and 7, it is necessary to specify the area A of the cell so
that the contribution of any possible peripheral collection of minority
carriers (within a diffusion length of the cell periphery) can be ascertained.
Also, the top collection grids used in many experimental cells are not opti-
mized and so J,, and 1 are often reported excluding the area shaded by the
thick metal grid lines (the so-called ‘‘active-area’ short-circuit current and
efficiency). The active-area efficiency evidently projects an optimistic value,
so it is useful to state also the ‘“‘engineering efficiency’’ which includes the
total (exposed as well as shaded) cell area in the computation of J,.. For
measurements on concentrator cells a flash technique is most convenient as
this minimizes cell heating [6].

3.2. Cell internal parameters

Apart from measuring the above external performance parameters of
the solar cell, it is also necessary to determine the internal parameters
such as R,, Ry, n and I, since the external performance parameters are
dictated by the internal parameters and the internal parameters in turn are
related to the material and interface properties. n and I, are best evaluated
from the bucking or dark I-V characteristics (to be discussed next), while
R, and Ry, may be obtained from the illuminated I-V plot itself. From
Fig. 3(b) and eqn. (2) modified to account for R, and R, , it can be readily
shown that R, is approximately given by the negative inverse slope of the
illuminated I-V plot at I = 0 (open-circuit point) and R, by the value at
V = 0 (short-circuit point). R, and R, primarily affect the fill factor which
is also dependent on V.. The series resistance is usually the limiting factor
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Fig. 6. An illustrative bucking (log J)-V plot, indicating the effect of series resistance
R, shunt resistance Ry, and two distinct bucking current mechanisms (Rg = 0.4 Q cm?;
Rgp =100 kQ2 em™2; T = 27 °C).

on the fill factor of a single-crystal solar cell, particularly those cells which
operate at high solar concentration levels, whereas in thin film and poly-
crystalline cells the shunt resistance (due to pinholes or grain boundaries)
can influence the fill factor and hence 7 significantly. The presence of
series resistance and shunt resistance in cells can be seen most clearly by
observing the linear I-V characteristics (on a curve tracer for instance)
at low current and high current respectively. The influence of R and Ry,
on the bucking current characteristics is shown on a representative plot in
Fig. 6 [7]. It should be noted that the current density scale is logarithmic.

3.3. Bucking or dark current—voltage characteristics

The dark or bucking J-V characteristics when evaluated as a function
of temperature and plotted on a semilogarithmic scale (Fig. 7) can be ex-
tremely useful in identifying the recombination mechanisms and hence
the potential improvement in V. (compare eqn. (3)). The (log I)-V charac-
teristics are most easily obtained by using a logarithmic picoammeter such
as the Keithley 26000 unit in series with a voltage ramp and the solar cell
in the dark. The analog output of the picoammeter and the voltage ramp
can drive an x—y recorder, thereby sweeping out a (log I)-V plot.

The ideality factor n and the saturation current I, can be evaluated
from the linear regions of the (log I)-V plot by using the slope (inverse
slope is approximately equal to 60n(7/300) mV per decade of current)
and by extrapolating the straight line to zero voltage respectively.

All the common bucking current mechanisms have the exponential
dependence of eqn. (2), and their voltage and temperature dependence
are indicated in Table 2 [8].

All the various recombination mechanisms listed in Table 2 occur in
parallel and one or more of them may be dominant in a given solar cell.
For example, in the characteristics of Fig. 6, space charge region recom-
bination is the likely mechanism at low voltages (since n = 2), while mi-
nority carrier bulk diffusion dominates at higher forward voltages (until
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Fig. 7. Bucking current characteristics of a solar cell as a function of temperature depen-
dence of saturation currents I, and I, in the two regions.

it is limited by R,). The minority carrier bulk diffusion sets the ultimate
limit on the maximum V,, obtainable from a solar cell, and hence attempts
are made to suppress or eliminate all the other bucking current components
in designing the optimal cell with a given materials system.

The (log J)-V plots of Fig. 7, where temperature 7 is used as a param-
eter, allow less ambiguous identification of the dominant bucking current
mechanisms at different voltage or current ranges since now the temper-
ature dependence of n and I, is also available. In the low voltage regime
of this representative plot, n is a constant (> 1) and I is thermally activated
(exp(— E/kT) dependence (see Fig. 7, lower inset)), thus suggesting space
charge recombination (confirmable from the slope of the log I, versus 1/T
plots; compare Table 2). In contrast, in the higher voltage regime the plots
are parallel to each other; the temperature-independent slope suggests
tunneling, which is confirmed by the log I, versus T plot of Fig. 7, upper
inset. Apart from the (log I)-V-T plots, it may be necessary to obtain
augmenting data such as from capacitance-voltage (C-V) and internal
photoemission measurements in order to pinpoint the bucking current
mechanism [9]. A detailed discussion of these techniques is beyond the
scope of this paper.

Apart from the classical bucking currents outlined in Table 2, there
can also be other competing mechanisms such as Auger recombination (in
heavily doped materials) [7], transport through and across grain boundaries
(in polycrystalline materials) [10] and space-charge-limited current flow
(in amorphous and organic semiconductors) [11]. Also in certain materials
systems the bucking current counteracting the photocurrent under illumina-
tion may be different from the cell forward current measured in the dark,
i.e. the superposition principle is not valid. In such instances, the dark I-V
characteristics are not useful in predicting the cell performance under
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illumination and the I-V measurements may have to be modified with the
use of a bias light source or by obtaining I..~V,. data with illumination
level as a parameter [12].

4. Spectral response and quantum efficiency

The spectral response shows the relative contribution of photons of
different energy to the short-circuit photocurrent of the solar cell. The
external quantum efficiency 7.y, is defined as

I (M)
qo(A)

where ¢(A) is the photon flux per second at wavelength A incident on the
cell and I (\) is the measured short-circuit current. Thus a plot of 7.y
against A will give the absolute spectral response, which when folded with
the appropriate solar spectrum will yield the total short-circuit photocurrent
of the cell. The solar cell spectral response is determined by a number of
factors including the optical absorption coefficient a(A\), the minority
carrier diffusion length [, the absorber length L, the surface recombination
velocity S, the type of photovoltaic barrier (homojunction, heterojunction
or Schottky barrier) and the presence of antireflection coatings. Hence,
spectral response measurements can be extremely useful in assessing the
performance of the cell and in gaining insight for future design improvement.

The schematic diagram of a basic spectral response measurement set-
up is shown in Fig. 8. It consists of a polychromatic light source such as a
tungsten—halogen or xenon lamp, a monochromator spanning the spectral
range of interest (350 -1100 nm), a light chopper for synchronous or
lock-in detection, a calibration detector and a lock-in amplifier. The detector
may be a ‘“black” detector such as a thermopile or a silicon diode detector
probe used in conjunction with a photometer such as the EG & G model 550

OLAMP

L IGHT CHOPPER
LENS

REFERENCE
MONOCHROMATOR

LONG PASS FILTER

‘:"—__':""“. SOLAR CELL
]
LOCK - N
AMPLIFIER "] mias suppLy
.

t' DIGITAL VOLTMETER

Next(N) = (5)

Fig. 8. Schematic diagram of a set-up for spectral response and quantum efficiency
measurements.
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or the Tektronix J16. By measurement of the solar cell short-circuit photo-
current as a function of wavelength as well as the detector output at each
wavelength and conversion of the detector output at each wavelength into
photon flux per unit time, the quantum efficiency can be determined over
the wavelength range of interest.

It may also be convenient to determine the absolute quantum effi-
ciency at a single wavelength (by using a laser and a pyroelectric detector,
for example), and then to use it to normalize the relative response data of
the detector. If only the relative spectral response is desired, then the abso-
lute calibration factor of the detector is not needed and it is very convenient
to use a thermopile whose response is practically flat over the spectral range
of interest for solar cells. The spectral response quantum efficiency mea-
surement systems may be readily automated for rapid evaluation of cell
performance [3].

A simple alternative to the use of a monochromator with its attendant
small illumination level is to substitute it with a batch of several narrow
bandpass interference filters (filter wheel) [13, 14]. The values of n of some
thin film cells such as the Cu,S/CdS cell and cells made on many amorphous
and organic semiconductors are dependent on the illumination level, and
hence the spectral response measurement of these cells must be carried out
at levels comparable with those in the actual solar spectrum used. The same
argument holds true for concentrator cells operating at high concentration
levels (more than 100 suns). A photographic flash-lamp may be used as a
pulsed-light source, which also minimizes the risk of overheating the inter-
ference filters used [13]. It is also possible to use a ‘‘white light’’ bias source
and a small-signal chopped monochromatic source (of variable A) to carry
out spectral response measurements at high light intensities.

5. Diffusion length

The minority carrier diffusion length I = (D7)!/? (where D is the diffu-
sion constant and 7 is the lifetime) is the single most important material
parameter of a solar cell, as it determines the photocurrent and also the
limiting value of the bucking current and hence the open-circuit voltage.
The three most commonly used techniques for diffusion length measure-
ment are as follows.

5.1. Spectral response measurements

Diffusion length measurement from spectral response data is most
easily carried out with a Schottky barrier device, using a semitransparent
(thickness, approximately 100 A) metal film. For illumination from the
top, the short-circuit photocurrent is approximately given by [15]

I ~ q¢(M\) T(A)§1 — exp(— oW) +

ol w 6
—— exp(— W) ()
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where ¢()) is the incident photon flux per second, T(A) is the transmission
through the upper metal layer, a(A) is the absorption coefficient in the
semiconductor, [ is the minority carrier diffusion length and W is the width
of the depletion region. Equation (6) is valid for a long diode (L 2 3I) over
a range of A for which there is strong absorption in the semiconductor
(L 2 3(1/)).

In the classical method of obtaining ! from spectral response the short-
circuit photocurrent is measured as a function of A over a range wherein
oMW < 1.

Then eqn. (6) may be simplified to

1

I+ m (7)

w1
WNTNS 1

Thus a plot of the inverse of the short-circuit photocurrent per incident
photon (in the semiconductor), i.e. the inverse quantum efficiency, against
1/a(A) will yield a straight line with a horizontal axis intercept of magnitude
equal to the diffusion length. While conceptually simple, this method suffers
from the need to know the precise values of the photon flux incident on the
cell and the transmission coefficient T of the Schottky metal. Of course,
if the assumptions leading to eqn. (6) are not valid, / can be deduced from
the measured spectral response by curve fitting to exact theoretical expres-
sions (including the effect of back-surface recombination velocity [16, 17]).

Many of the problems associated with the above technique may be
obviated by using a single wavelength for which the absorption length
1/a(X) is of the order of the depletion width W and varying W by applying
a reverse bias on the Schottky barrier [18, 19]. Hence, eqn. (6), subsequent
to normalization at an arbitrary depletion width W,, may be written as

Is.(W)
Isc(WO)

Inorm(aW) =

1 + ol — exp(— aW)

= (8)
1 + al — exp(— aW,)

The depletion width W(V) may be determined as a function of reverse
voltage V by using high frequency (1 MHz) capacitance measurements:
€A

W(V) cw) (9)
where € is the dielectric permittivity of the semiconductor, A is the diode
area and C(V) is the depletion capacitance. It should be noted that there
is no need to calibrate the photon flux or to know the value of transmission
through the metal film. The diffusion length may be obtained by matching
the experimental plot of I,,,,n versus a(A)W(V) to the expression of eqn. (8).
This method is particularly amenable to direct gap materials such as GaAs
that have relatively short diffusion lengths (1 - 10 um). It is pertinent to note
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that in either of the techniques outlined above the value of the absorption
coefficient of the absorber semiconductor must be known as a function
of A. Empirical expressions for o(A) based on experimental results are
available for silicon [20] and may be used for evaluating single-crystal
silicon cells.

A simplification of the second technique is possible when the absorp-
tion coefficient is so small at the illuminated wavelength that «W < 1. Then
eqn. (6) reduces to

q¢(N)T(N)
1(V) 1+ 1V a(M{W(V) + o} (10)
Since W(V) can be obtained from C-V measurements (compare eqn. (9)),
a plot of I, against W (with reverse voltage V as the variable parameter)
should yield a straight line with intercept ! [18]. In this modified technique
it is not necessary to know the exact value of a(\) but simply to choose a
wavelength A such that the product W(V)a(\) < 1.

5.2. Surface photovoltage measurements

The surface photovoltage method depends on the spectral dependence
of the open-circuit voltage developed at the surface of the semiconductor.
The surface photovoltage may be capacitively sensed and hence there is no
inherent need to form a permanent or semipermanent photovoltaic junction
such as a p—n junction or a Schottky barrier. The increase in minority
carrier concentration under illumination reduces the surface band bending
(formed initially as a result of surface states or a junction) and thereby
causes the photovoltage. The measurement set-up is basically the same as
that used for spectral response; the surface is illuminated with a chopped
monochromatic radiation of hv > E, and the surface photovoltage is sensed
with a capacitive probe such as that illustrated in Fig. 9. Under the condi-
tions W< 1/a< L and l < L, and if the excess minority concentration under
illumination is far less than the majority carrier concentration, the surface
photovoltage SPV is a function of the excess minority carrier concentration
and may be written as {21]

SPV = f(constant X ¢ ) (11)
l/a+1

Chopped monochromatic
beam

Top pressure

ﬁ contact
[ 1

Transparent I Insulator
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(Eg Sn03) I/ )g/[] sample

Back contact

Fig. 9. Schematic diagram of a test structure for surface photovoltage measurements.
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Hence a plot of the relative photon flux against the inverse absorption
coefficient at constant SPV (by feedback control in the experimental set-up,
if so desired) will yield a straight line, the negative x axis intercept of which
yields the diffusion length. The method is relatively insensitive to surface
recombination and can be easily used to map the diffusion length profile
of semiconductor wafers and hence to diagnose the presence of inhomo-
geneities. However, considerable errors are observed when the beam diam-
eter is reduced below about 30!, apparently as a result of lateral diffusion
of photogenerated carriers and their recombination in the semiconductor
bulk and/or the surface [22].

The surface photovoltage technique is particularly attractive for highly
absorptive materials and it has recently been used to measure the ultrashort
diffusion length of holes in hydrogenated amorphous silicon (a-Si:H) alloy
[23]. Figure 10 is a representative surface photovoltage plot for a-Si:H,
indicating a diffusion length of 0.17 um. In highly photoconductive mate-
rials such as a-Si:H the diffusion length is a function of illumination and
so the surface photovoltage may be detected with a.c. coupling under a
superposed bias light or alternatively with a vibrating Kelvin probe [23]
or a liquid Schottky barrier [24].

5.3. Beam-induced current measurements

The beam-induced current technique essentially uses the impulse
response of a photovoltaic junction, the excitation being any high absorp-
tion radiation or particle beam such as a laser beam or an electron beam,
scanned in a direction perpendicular to the junction. The use of beam-
induced current to evaluate the minority carrier diffusion length dates
back to 1951 [25] when a light spot from a narrow slit was scanned across
a p—n junction and the photocurrent measured as a function of the spot
position x from the junction. The idea was extended later on by substi-
tuting an electron beam (20 keV) which can be accurately focused (di-
ameter, approximately 1 um) and scanned across the junction with high
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Fig. 10. Example of a surface photovoltage plot to determine the minority carrier dif-
fusion length (I = 0.17 um).
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precision [26]. Thus a scanning electron microscope can be readily adapted
for the beam-induced current method and hence the scanning electron
microscopy—electron-beam-induced current technique has become standard
for evaluating the minority carrier diffusion length I. The advent of the
laser with its extremely high directionality and hence narrow beam width
has again made it easier to use a scanning light spot and so the laser-beam-
induced current technique is also frequently used now to determine /.

The most convenient structure for either of the beam-induced current
techniques is a Schottky barrier with the beam scanned perpendicular to
the junction as shown in Fig. 11(a). For beams that penetrate negligibly
into the bulk of the semiconductor (ax > 1, al > 1) the short-circuit photo-
current I, due to the diffusion of minority carriers from beam position x
toward the junction varies asymptotically as {26]

X
I, > exp (— 7) (12)

for x > I and uniform surface recombination velocity S. Hence [ can be
evaluated readily from the straight line plot of log I, versus x as

. Id{ln(zsc)}
- |

-1

(13)

It should be noted that the location of the junction, i.e. x = 0, is easily found
from the peak of I, versus x. More accurate expressions for I, should be
used and !/ is deduced from curve fitting the measured data if the above
assumptions are not valid over an appreciable range of the scan distance x
[27]. An illustrative scanning electron microscopy—electron-beam-induced
current plot is shown in Fig. 11(b). A major disadvantage of scanning in a
direction perpendicular to the junction is the precision with which the beam
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Fig. 11. (a) Illustration of a test structure for diffusion length measurement by beam-
induced current; (b) illustrative electron-beam-induced current (EBIC) plot (I = 0.90 um).
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position should be known, and this is particularly difficult for materials
with short diffusion lengths (I =1 - 5 um). An attractive alternative is to use
an angle-lapped junction, as shown in Fig. 12(a), where a geometric amplifi-
cation is provided by the very small lapping angle 8 (giving a geometric
“gain” of 1/sin ). Provided that the other assumptions are valid, eqn. (12)
is still valid, since at any beam position z from the junction intersection
at the lapping surface, the vertical distance x to the junction equals z sin 0.
However, it is the relatively large value 2z that is now actually measured in
the experimental set-up. It may be observed that by using a p—n junction
both the electron and the hole diffusion lengths (in the p region and the n
region respectively) can be deduced by angle lapping both the top and the
bottom side of the semiconductor wafer.

A third modification of the structure suitable for beam-induced current
measurements is indicated in Fig. 12(b) [28]. This has the advantage that
the beam is incident normal to the collecting junction (a Schottky barrier,
for instance) and is at a lateral distance x from the edge of the junction.
For this case the short-circuit photocurrent I, has been shown to be [28]

exp(— x/l)

373 (14)

I &

x
provided that /< x and that the depletion region width W beneath the
surface is such that W< h and h < x where h is the location beneath the
surface of the ideal beam-induced point source for electron-hole pair gen-
eration. Thus, the diffusion length can be deduced from the slope of the
linear In(J,,x3'2) versus x plot.

The beam-induced current technique may be readily modified to
measure simultaneously the minority carrier lifetime with high spatial
resolution by modulating the beam with an a.c. signal [29, 30]. The simple
analytical expressions used above may need modification when the sim-
plifying assumptions are not valid. Theoretical treatments that account
for high level injection [31], surface recombination [32] and generation
volume distribution (non-point source) [33] are available in the literature
to enable accurate evaluation of I. It may be noted that apart from electron
and photon beams any narrowly focused particle beam (e.g. « particles)

Beam Beam Schottky diode

ISC

(a) (b)
Fig. 12. Illustrations of alternate test structures for beam-induced current measure-
ments: (a) angle-lapped p—n junction; (b) Schottky barrier with lateral carrier collection.
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that can create electron-hole pairs in the semiconductor may be used in
the beam-induced current technique.

6. Minority carrier lifetime

For evaluating solar cell materials it is generally preferable to measure
the minority carrier diffusion length directly by any of the techniques
described above. However, it is often convenient to measure the carrier
lifetime 7 with a relatively simple experimental set-up and then to infer !
indirectly by assuming the value of diffusion coefficient D (I = (D7)'/?).
The two basic lifetime measurement techniques are as follows.

6.1. Diode reverse recovery

This is the standard technique to evaluate the response time of any
semiconductor diode and consists of pulsing a diode from forward to reverse
bias and observing the transient; the decay time is a measure of the minority
carrier lifetime [34]. However, this technique is unsuitable for Schottky
barrier solar cells (or test structures) since there is no appreciable minority
carrier storage in these majority carrier devices.

6.2. Open-circuit voltage decay method

This is the recommended method for solar cells and is suitable for
p—n junction as well as Schottky barrier cells. Figure 13(a) shows a sche-
matic diagram of a photo-induced open-circuit voltage decay measuring
circuit, where a flash pulse (with a very short fall time) from a stroboscope
generates photocarriers in the cell and the subsequent decay of the open-
circuit voltage V. is monitored on an oscilloscope. Figure 13(b) is a sketch
of the decay of V,. with time, with two linear regions (I and II) and a
non-linear region (III) corresponding to high level injection (in which the
excess minority carrier concentration exceeds the thermal equilibrium
majority carrier concentration), intermediate injection (in which the excess
minority carrier concentration exceeds the equilibrium minority carrier
concentration) and low level injection (in which the excess minority carrier
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(a) (b)

Fig. 13. (a) Schematic diagram of a simple test set-up for open-circuit voltage decay
measurement of minority carrier lifetime; (b) illustrative open-circuit voltage decay plot
indicating three distinct regions.
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concentration is less than the equilibrium minority carrier concentration)
respectively in the principal absorbing region (base) of the solar cell.
Straightforward solution of the minority carrier continuity equation for
diffusive transport in the base yields 7 as given below [35].

In region I

_ 2kT (dVoc )‘1

q dt

(15)

In region 11

_ kT (dV,, -1
q \ dt

(16)

and in region II1

expqu;O)g—l] exp(— :—) a7

kT
T =
q

where V(0) is the open-circuit voltage at the termination of the excitation.
Thus, this method enables measurement of the lifetime at different injection
levels. Equations (15) and (17) are predicated on the assumptions of negligi-
ble excess charge in the space charge region and the absence of any contribu-
tion to the photovoltage from the top window or emitter layer. Some
possible errors associated with this technique, due to the back-surface
field contact and the RC time constant of the photovoltaic junction, have
recently been pointed out, and an alternative method with a d.c. light
source added to the injection pulse (flash) has been proposed {36]. Further-
more, in materials with appreciable trap concentration the measured decay
time will not be the true minority carrier lifetime but will rather be obscured
by the carrier trapping time.

6.3. Other lifetime measurement techniques

Other techniques for obtaining the minority carrier lifetime include
measuring the change in the free-carrier IR absorption due to the presence
of excess free carriers [37] and monitoring the phase shift introduced by
the cell on an a.c. signal superimposed on the d.c. input in a beam-induced
current scheme [29, 30]. It is important to note that in calculating the
diffusion length from lifetime measurements the value of the diffusion
constant D, which in turn is deduced from measurements of carrier mobility,
is assumed. However, the mobility and hence the diffusion constant are
majority carrier values and may not be accurate for minority carriers as
required for minority carrier diffusion length calculations. Hence, a direct
measurement of the diffusion length as outlined in Section 5 would in
general yield a more accurate result.
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7. Surface recombination velocity

Recombination of photogenerated minority carriers at surfaces away
from the photovoltaic junction can considerably reduce the short-circuit
photocurrent, particularly in direct gap semiconductors that have relatively
short diffusion lengths and absorption lengths (1/a). In high efficiency
cells, additional improvement in efficiency is often possible only by reducing
the surface recombination with n—-n* or p—p* high—low junctions or lattice-
matched heterojunctions or by surface passivation with insulators. The
parameter that characterizes surface recombination is the surface recom-
bination velocity S, which is defined as the ratio of the rate of flow of charge
carriers into unit surface area to the excess carrier density in the bulk just
beneath the surface.

It is practically impossible to isolate the effect of surface recombination
from bulk recombination and so an ‘“‘effective” lifetime or diffusion length
is usually measured. In one such technique {38, 39], scanning electron
microscopy—electron-beam-induced current, the beam penetration depth A
of the electron beam is varied by changing the beam accelerating voltage
Vs and the effective diffusion length I.¢; measured as a function of h (see
Fig. 11(a)). The value of h is dependent on the beam voltage and varies as
Val7. The measured effective diffusion length l.¢; can be shown to depend
on the bulk diffusion length I, the bulk lifetime 7, the surface recombination
velocity S and the electron beam penetration depth h as [38]

St/l K
le 2 = 012 1 - —— —_—— 18
t 1+87/0 exP( z)g (18)

As shown for a representative example in Fig. 14, a straight line is obtained
if In{1— (l.g/1)?} is plotted against A (or V!:7). The intercept of the line
with the ordinate yields the term within braces in eqn. (18), and hence the
surface recombination velocity S. If the generation source cannot be as-
sumed to be point like and the sample dimensions are not large compared
with [, a more accurate analysis is necessary to determine S [40]. Other

1 1 1 n I L It

0 | 2 3 4 5 6 7
Penetration Depth h (Arb. units)

Fig. 14. Tllustration of plot to determine the surface recombination velocity from the
beam penetration depth h.
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techniques for surface recombination velocity measurement include photo-
luminescence time decay, IR absorption and the photoelectromagnetic
effect.

A number of other specialized measurement techniques have been

developed to assess the performance of particular solar cell systems and
configurations, but for brevity this paper has dealt only with methods of
broad applicability.
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