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Abstract -The parameters for the generation-recombination current and diffusion current of a solar cell 
including series and shunt resistance 3re determined experimentally by a new method through applying equal 
cur ren t  s t e p s  to [he  cel l  ra ther  than vol tage s teps .  This  a l lows  a s imple  eva lua t ion  o f  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 or' the cell are determined in a similar way. 
The presented method is a relative simple 3nd low-cost analysis and it allows a quick and accurate on-line 
determination of the parameters of the current-voltage charactenstic, especially for silicon solar cells. 

NOTATION 
A .  B constants evaluated by linear regression 
f(iV) impressed current [.A] 

I , , ,  saturation current for gsneration-recombination [A] 
saturation current for diffusion [A] 

I,; current step [A]  
/., voltage-dependent diffusion current [ A ]  
I ,  voltagedependent genention-recombination current 

[AI 
I , ,  current through the shunt resistance [A ]  
n l  diode-quality factor for generation-recombination 
nl diodequality factor for diffusion 
R ,  Feries resistance [Ill 

R,,, shunt resistance [a] 
V ( X )  measured voltage [VI 
V,i,V) forward voltage at current ,VIo 
Vr( ,N)  reverse voltage at current 

V, forward voltage [V] 
V, reverse voltage [ V I -  . 
k Boitzmann's Constant (3.62 * IO-' eV/K) 
(1 Electron charge , 

T absolute f e r n p e p r e  

1. INTRODUCTION 

The current-voltage characteristics of solar cells de- 
scribed by the single-exponential equation, Le. with only 
the diffusion current term taken into account, has been 
carried out using an analytical method by Picciano [l], 
and using ,numerical methods by Bryant and Glew [2] as 
well as by Braunstein er al. [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,  71. 
Both numerical methods are based on the modified least 
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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 charactenstic IS given 
by [4-81: 

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

Id is the voltage-dependent diffusion current: 

and is the current flowing over shunt resistance Rsh: 

I 
7 

Fig. 1, Solar cell equivalent circuit. 

(4) 
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Iol --he voltage dependence of iol , especially for re- 
verse voltages, is neglected-and 102 are constants and 
represent the saturation currents of the generation- 
recombination and diffusion process. respectiveiy; nl 
and n2 are the diode-quality factors for generation and 

By applying a current with ,V fixed steps in the forward 
and reverse direction of the cell. so that V f ( l )  2 .iv,h and 
V J l )  S -8V,,, eqn ( 8 )  can be written for the forward 
direction (index f) as: 

diffusion. respectjvely. R,? is the series resistance and v, (N 1 ', b(N, (9) 
I ( N )  = lol . exp(- i - Iol - - 

%h =(y/(k * T)]% the thermal voltage. .nl Vrhi R,h 

The functional dependence of the total current I on 
the voltage v is determined by six parameters. In order 
to evaluate these parameters, the current-voltage charac- 

and for the reverse direction (index r )  as: 

teristic is divided into three voltage region, so that cer- 
tain simplification for eqn ( 1) are possible. 

v r  (1V i 
--I(iV j = -Io1 - - R i IO) 

[see eqn (5)]. Because equal current steps are applied to 
the cell in forward and also in reverse direction, the 

2. I Voltage region I: Reverse Characteristic 
v < -8v,h 

For voltages v -8vrh, i.e. v -0.2 v the ex- fonvard and current is ,.iven by: 
ponential terms in eqns (2) and (3) tend towards zero, so 
that I ,  = -Iol and Id  = - (02 .  Furthermore in most solar 
cells. the saturation current IO2 for the diffusion term is 
several orders of magnitude smaller than the saturation 
current I o !  for the recombination-generation term. 

the I,,, term. Because of the low total current I flowing 
in the reverse direction and the normally small values of 
the ser ies  resistance R ,  ( R ,  S I l l ) ,  the voltage 

region. eqn ( 1 )  

lf = I ( N )  = N 

the 

and I ,  = - [ ( N )  = N . (--ICzj , 

of eqns and ~ then yields: 

(11)  
Therefore the characteristic is then mainly determined by V / ( N )  f V r ( N )  

0 = 101 exp - - 2101 - 
(n:?;,) R rh 

drop 1 . R,? can also bt: neglected. Thus. for this voltage and the subtraction of cqn ( lo)  from sqn (9) yields: 

1 ,  2 * I(iV) = lol exp - - 
V \n; v r h )  ' R,h 

i 12) I = Ish = -l(jl - . (3 
Rrh 

By lpplying a current I with fixed current steps [, in the 
reverse direction,,i..a(iy) = N . ( - I a ) ,  the differential 
resistance is determined for each pair of V ( N ) ,  I(iV) by: 

Equation ( 1  1) or eqn ( 12) can be used to determine 101 

and n l ;  using eqn ( I l ) ,  one obtains: 

in[- V,(N) - V,(N) + KW)] 
V f N  + 1) - V ( N  - I )  

2 * I ,  . ( 6 )  I 
= Ill(R,h * 101) ~ ' V.(N)  (13) 

fn l  * v,h) 

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

with 

1 j 
Rsh = R ( N )  K ( N )  = 

K - J + 1 ,v=, [ (W) - exp / 2  * v,, 
where R ( J )  is the first taken value from R ( N )  and R ( K )  
is the last value of R(N) which are located within an 
interval of /R,,, - A R / .  The value of AR can be se- 
lected and represents a certain deviation from R,,,, i.e. 

s e t t i n g  = ln[-vf(,v) - v , ( N )  + ~ ( ~ 1 1  a n d  
= v , ( ~ ) ,  eqn (13) can be written as: 

ARIR,,, should be 2-5%. y = A - Bx ( 1 3 4  

2.3 

fusion current of a silicon solar cell can normally be 
neglected [6. S, 91. Furthermore, the voltage drop at the 

voltage V of the solar cell. In this case, the current- 
voltage characteristic is given by: 

Voltage region 11: V < 1.5 v!h where A and B are constants for a given solar cell. They 

gression): 

For voltages v S 15 vrh, i .e.  v 0.4 v, the dif- are determined by a linear least-square fit (linear re- 

series resistance is much smaller than the terminal '4 = ln(Ioi ' R,h); 101 = exp(A)/R,h 113b) 

B = l / ( n l  * vlh); nl = l / ! B  * X h ) .  (13cj 

In an analog manner, eqn (12) can be applied to deter- 
mine Io ,  and n , ,  also using eqns (13b) and (13c). In this 

V 
'd 1 v ! h /  

V 

Rrh 
1 = I ,  - [ , h  = cxp(-\ - 101 - ,  (8)  



forward 

:'orward 
4v,h dnd 

1 ( 9 )  

(10) 

>lied to 
m, the 

- - I" ) ,  

(11) 

yields: 

J )  - 

(12) 

in% 

(13) 

a n d  

( 1 3 4  

They 
u re- 

(13b) 

(13c) 
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case, the value of y is given by  y = in[:! - I ( N )  * 
Rrh - v(1v) +- V r ( N ) ] .  

2.3 
If I 3 I, t I,,, holds, which can easily be proofed 

using the former results, then the current through the cell 
is given by: 

Voltage reyron 111. V 3 15 v.h 

The series resistance R,  must be determined first. in 
order to evaluate Io2 and n2. 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 (IJ), 
one obtains: 

In I - In lo2 = ( V  - I . R, ) / (nz  * Vrh) . (15) 

Subtracting eqn (15) for two pairs of V and I .  one obtains 
after some remanglng: 

where l2 = l(N) and II  =LLV - 1)  are the applied cur- 
rents and VI = V ( N )  and V I  1 V(N - l )  the measured 
voltages. Again. a least square fit (linear regression) can 
be made. with the varjables y = (Iz - ll)/ln(Iz/Zl) and 
JT = (Vz - Vl)/1nU2/Zl) .  The series resistance is given 
from the yadient of the linear regression line: 

R, = 1/B (17a) 

or from the intersection of the regression line with the 
y-axis with n2 = 1: 

Consequently from one iteration process one obtains two 
values for R,, one for nz + 1 [eqn (17a)l and a second 
one, assuming nz = 1 [eqn (17b)j. 

If the condition I ( N )  9 I,(N) + l,k(N) is not satis- 
fied. then I 2  and I, are substituted by I? = I ( N )  - 
l , ( N )  - I r h ( N )  and I ,  = I ( N  - 1) - I,(N - 1) - 
IZk(N - 1) and Rs can be estimated with eqns (16)- 
(17b). The values for I , (N)  and Irh(N) can be calculated 
with the known parameters for I, and Id,, with V = 
V(iV) - I(N)Rso. For two measured pairs of V and I in 
the high-current region, one obtains from eqn (16) with 
n2 = 1 and setting R, = Rso: 

The value of R,, can be considered as rough Jpproxl- 
mation for R,. 

As soon as a proper value of R, IS found, lO2 md n2 
may be determined. We start with eqns ( I )  and [4), and 
obtain: 

A linear regression [see eqn (13a)l can be cmied out 
with the variables y = ln{l(N) - I#)  - Ish(N)} and 
x = V ( N )  - I ( N )  R,. This yields: 

i-1 = In Ioz; lo, = exp(i-1) 

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 programmabie 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 lo0 mA, with steps 
between 0.5 pA and 50 PA. In the effective voltage 
range ( 2 2  V) used, the digital multimeter has a resolu- 
tion of 10 pV. 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 la. With 
the same number of steps in the reverse and forward 
direction, the pairs of values W N ) ,  V ( N ) )  are measured 
(region I and a). With these data the parameters of the 
shunt resistance Rrk, the generation-recombination cur- 
rent term Io, and the quality factor n, are calculated. 

Following this, data are measured, starting at a cur- 
rent level I which satisfies the condition l 3 It + I s h .  

The current Z is here increased with a factor C, Le. 
I ( N )  = C -Z(N - 1). with C = 1.1-1.5 (region rrr). 
With these data and the results of the previous cdcu- 
lations for Rsh, Io, and n,, the remaining parameters for 
the series resistance R,, the diffusion current I ,  and the 
diode quality factor for the diffusion current n2 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 Clem resistivity, n'-p-p' cell with an 
anti-reflection coating. Cell I3 was a polycrystalline, 
2 Rcm resistivity, n +-p-cell without an anti-reflection 
coating. Both cells had an area of 4 cm2. During mea- 
surement, the temperature was kept constant at 
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I 
SOURCE 

coMpUTER 

DIXPLAY 
1 PRINTER 1 1 PLOTTER 1 

FLOPPY Cl 
I 

Fig. 2. Block diagram of the experimental arrangement. 

and V,IN);  I I N I = N ~ I - I , I  

and evuolo ted  d a t a  

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

T = 20°C. Figures 4 and 5 show the analyzed 
currents I,, I,, Ish and I,, = I ,  + Id + Irh as well as the 
measured current-voltage characteristic. These figures 
illustrate the good agreement between the calculated and 
measured characteristics. In Table 1 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 i,, of the cell 
under varying illumination :eve1 were measured and 
these. V,, and I,, values were compared with those com- 

0 . 1  . 2  . 3  . 4  .5 . 6  
v [VI 

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

, 

puted from the I-V characteristic using the analyzed 
parameters. Under illumination of the cell a photocur- 
rent I,, (Fig. 1) is generated. This photocurrent has to be 
added to eqn (1). For V = Vsc and I = 0 (open cxcult 
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Table I .  Calculated parameters of the investigated cells 

PARAMETERS CELL A 
2s h I 3 1  000 Ohm 

Io1 ; "1 
3ccording to eq. 11 1 . 9 1 d 4  ; 2.47 

eq. 12 Z.07,i0-6A ; 2 . 5 7  

Rs 
according t o  eg. 16 0.446 Ohm 

' eq.16(n2 =fl 0.449 

'' r e t i 4  I 0.489 '' 

Io2 
according t o  eq. 19 3 . 6 8 . l f " A  

I* r e t i 4  I 4 . 9 8 . 1 0 - ' ~ ~  

7, according to eq. 19 0.99 

CELL B 
400 Ohm 

?.92*iO-6A : 2.55 

?.de. 70- 6A ; 2 . 7 4  

0 . 3 9 9  Ohm 

0.35 7 I' 

0.396 

9.7 7 -  1 0-l2A 

8.22.10-'Z A 

0.99 

CELL A', CALCULATED - - -  
MEASURED DA TA 0 

CELL 5: CALCULATE0 - 
flEASURE0 DATA 0 

I 

I 
4 
I 

/ 
/ 

/ 
/ 

/ 

I L/ I I I I I 
0 .1 . 2  .3 .I .5 .6 .7 

voc [ V I  

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

From eqns (21) and (221 the relation between I,, and V,, 
of a dark current analyzed cell can be calculated and 
compared with measured data for I,, 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 IJC. 

5. CONCLUSIONS 

The procedure shown to analyze the I-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 I,, - V,,= re- 
lation of the cells. 
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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-titting method, rn iterative 
5-point method and a recently proposed analytical S-point method. Parameter values were extracted using 
these three methods from expenmental characteristics collected from two siIicon cells over a range of 
illuminations and temperatures. The results show that the curve- Attins method can often give erroneous 
parameter values and the reasons for the errors are discussed. The 5-point methods are found to 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-half Abfl but  gives non-physical 
parameter values at lower illumination. 

NOTATION 
standard deviation of current deviation 
area deviation as defined in eqn (16) 
area deviation ;is defined in eqn (15) 
experimental current value at J th data point 
current a t  maximum power point 
photocurrent 
diode saturation current 
short circuit current 
theoretical current value at j t h  data point 
Boltzmann's constant 
diode quality factor 
number of data-points 
electronic charge 
lumped series resistance 
lumped shUpt resistance 
reciprocal of slope at short circuit point 
reciprocal of slope at open circuit point 

temperature (K) 
experimental voltage value at j t h  data point 
voltage at  maximum power point 
open circuit voltage 
k T/q 
theoretical voltage value at jth data point 

1. INTRODUCITON 

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 propoxd 
by Wolf and Rauschenbach[l]. This involves mea- 
suring the characteristic of a cell at two different 
illuminations, Two advantages go with this method: 
firstly, i t  does not require prior knowledge of the 
other model parameters such as junction ideality 

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. gwes a value of R ,  based 
on assumptions that parameter values do  not change 
with illumination. We have found that model param- 
eters do change with illumination and that large 
errors may result. The method of Araujo er nl.[4], 
using the area under an I-V curve. has many im- 
plicit assumptions which renders it accurate o d y  for 
very low R ,  and high illuminations[2]. 

A method for the direct measurement of shunt 
resistance was proposed recently [j]. This involved 
the measurement of open circuit voltage and short 
circuit current at very low illuminations such that the 
dark diode current would be neghgible 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 calcuIations[6-11]. Otterbein e l  af. [7] 
minimised the sum of the squares of the residuals 
and thus arrived at a set of values of R,, n and I,. 
However, shunt resistance was neglected. Araujo [8] 
used a similar technique in fitting his data to a two 
diode model which also neglected RSh.  Other 
authors[12] have suggested that curve fitting can give 
erroneous parameter values and ought to be used 
with care. 

Kennemd[9] and later Charles [lo] proposed an- 
orher 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 alI 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 
Kennemd’s, that provides a direct analytical extrac- 
tion of the five parameters using the experimental 
data points c,., I 

In this paper, a comparative 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. 

V,,,, I,,,, R,, and Rrho. 

2. THEORY OF MEXHOD 

2.1 The anu(vticalj5ve point method 
The single diode lumped parameter equivalent cir- 

cuit of a solar cell is gven in Fig. 1. A t  2 given 
illumination, the current-voltage relationship is given 

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

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

I I, exp --exp- I,,  R ;  ( nv;i n VT 

It has been shown[9] that the circuit parameters 

and illumination can be computed from the values 
Vv,, I,,, V,, It: R,, and R r h o  (Fig. 7 )  measured 
from the I- V c aracteristic. 

rXexp v ) c  ! % - 
lph, R,,  R,,,, I; a n ’ n  at a particular temperature nVT R s h  

V,, + R.I., 
n VT 

1 0 .  ( 5 )  - ( I  -2) I,,, - I,exp 

Fig. 2. Input p a r m e t e r s  for the 5-point methods. 
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Kennerud[9] and Charles et al.[10] have shown 
that the four parameters, n .  I,, 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[ll]. Thus, there is a 
need for analytical expressions that will enable the 
direct determination of I p h ,  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: 

1% for R ,  in the range 1-150 m 0  m d  R,, in the 
range 30-3000 0. 

2.2 Curve jfirting techniques 
The qdvantage 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. [SI, [12]) have used the 
standard deviation of the current as the fitting crite- 
rion, where the standard deviation is defined by 

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 short-circuit 
region. This arises from the fact that relative current 
errors tend to be much larger near the open-circuit 
region where the dl /dV slope is steepest. For a 
similar reason the use of voltage dexiation 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 u may be heavily dependent on the distribution of 
data points in the characteristic, thus undermining 
its usefulness as a yardstick of comparison between 

In this work the area, "AArea," beween the theo- 
retical and experimental characteristics in the 
quadrant of interest is used as the criterion of fit (see 
Fig. 3). Using the trapezoidal ru le  this area can 

J 

(6) 
Y, '. I,', + - = 0 Y,c I, exp - - 

n VT sh 

( 7 )  

(8) 

( R ~ o - R , , ) - e x p - - l = o  I ,  Y, < 

nVT nVT 

Rib= ' % h o  

v,c V,? - V", I, exp - - ~ - I,,, 
nVT R v h  

v m  + R,Im - I ,  exp = 0.  ( 9 )  qualities of fit  of different characteristics. 
n VT 

From these equations an analytical expression for n 
in terms of the m e s u r e b a r m e t e r s  is . .  

be given by 

I,, R ,  and Iph may then be found from iMinimisation of AArea would give the best fit evenly 
over the entire characteristic. We can extend this by 
suggesting a parameter t to describe the quality of fit 
between the theoretical and experimental curves. This 
parameter can be obtained by normalising AArea by 
the total area under the experimental I - Y  curve. 

i s = (  I s C . - k ) e x p (  -&) n VT (I1) 

(12) Thus 
nvT 

I, 
R ,  = R,, -- exp 

/ - 1  

(13) 
(16) 

The errors present in the parameter values ob- 
tained from the analytical expressions in eqns This parameter c is independent oi the distribution 
(10)-(12) were computed[13], and found to be within of points and provides a good basis for comparing 
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theore t ica l  curve t - - - -  
experimental  curve 

I 

Fig. 3. The area criterion of fit. 

qualities of fit of different circuit models to an over- 
all characteristic. 

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 10c. rn order minidse 
the effect of the wire resistance on the measurements, 
3 four wire technique w s  used. A block diagram of 
he 

3. E?IPERI>IENTAL METHODS 

Current-voltage characteristics of solar cells were 
measured throuph a 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 I- V 
characteristic and the process of measurement took 1 1 
about 1 sec. The device under test was mounted on a 

system is shown in ~ i ~ .  3. 
ne slopes of the at short 

( =  -) R r h o  and ‘pen circuit (=  R)  .̂  conditions were 

large temperature controlled aluminium block and measured using 
.I  I, 

an ac .  technique. For R,,,, a 100 Hz 

I I I 1 
‘C 

DISPLAY 

HEATER 
CONTROL 

m 1 I I 

I 

D ,&! COMPUTER 

8 SOFTWARE 

X - Y  FTOTTER 
DIS?LAY & 

KEYBOARD 

Y 

PRlNTER - 
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- 
tion 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 r n o  measured using the a.c. method were compared 
with those taken from the I- 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 I h o  was possible only to an accuracy of 
about 10%. 

4. DISCUSSION OF RESCLTS 
Two 3 inch cells with efficiencies of 11% and 13%, 

respectively, were measured at different illuminations 
and temperatures: Cell =1, with an efficiency of 
14%, was measured at 50°C over a range of illumina- 
tions, while cell =Z was measured dt above half 
XiMl at 60°C and 90°C. From the data collected. the 
tive 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 rqns (S), 

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

c) By curve fitting techniques, Le. finding the set of 
parameters which gave a minimum value for 1Area. 
The results of these methods are presented in Table 1 
together with the values of E as defined in cqns (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 Ipn, 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 short circuit currents above 600 mA 
(or roughly half Xvfl) ,  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 r h r  theoretical I- V characteristics were computed 
using the parameters obtained by the different meth- 

(lOk(l.3). 

- .  
Fable 1. k t rac ted  parameter values using 3 different e x t r a c t i o n  methods 

#I  

#I 

# I  

#l 

bl 

# 1  

It 1 

50°C 

50°C 

50°C 

50°C 

50°C 

50OC 

50% 

SN 1 

SNZ 

SN3 

SN4 

SN5 

SN6 

SN7 

ANAL. 5 PT. 
EXACT 5 PT. 
CURVE FIT  

ANAL. 5 PT. 
EXACT 5 PT. 
CURVE FIT  

ANAL. 5 PT. 
EXACT 5 PT. 
CURVE FIT  

ANAL. 5 PT 
EXACT 5 PT. 
CURVE FIT 

ANAL. 5 PT. 
EXACT 5 PT. 
CURVE FIT 

M A L .  5 PT. 
EXACT 5 PT. 
CURVE FIT 

ANAL. 5 ? T .  
EXACT 5 PT. 
CURVE FIT 

0.7766 
0.7766 
0.7766 

0.7112 
0.7112 
0.7112 

0.6049 
0.6049 
0.6049 

0.5519 
0.5519 
0.5519 

0.4993 
0.4993 
0.4993 

0.4500 
0 .L500 
0.4500 

0.3915 
0.3915 
0.3915 

0.7766 
0.7767 
0.7775 

0.7112 
0.7112 
0.7121 

0 .bo49 
0.6049 
0.6056 

0.5519 
0.5199 
0.5524 

0.4993 
0.4993 
0.5002 

0.4500 
0 .h500 
0.4504 

0.3915 
0.2915 
0.3919 

1.379 
1.379 
1.379 

I .359 
1.359 
1.359 

1.353 
1.352 
1.353 

1.345 
1.345 
1.345 

1.358 
1.358 
I .358 

1.366 
1.365 
1.365 

1.363 
1.362 
1.362 

1.341 
1.338 
1.333 

I .087 
1.085 
1.072 

0.9787 
0.9765 
0.9674 

0.9089 
0.9069 
0.9006 

0.9998 
0.9976 
0.9919 

1.021 
1.019 
!.018 

0.9686 
0.9660 
0.9713 

10.32 
10.35 
9.095 

10.92 
10.95 
9.716 

10.38 
10.42 
8.789 

9.733 
9.781 
8.561 

9.751 
9.809 
6.237 

6.913 
6.981 
3.661 

4.335 
L . 6 1 5  
0.6384 

162.0 0.1570 
142.9 0.1588 
71 .OO 0.08489 

140.0 0.1905 
110.7 0.1916 
69.39 0.09305 

148.5 0.2200 
149.2 0.2212 
76.53 0.09803 

152.0 0.1755 
152.6 0.1766 
81.23 0.1112 

157.0 0.2174 
157.7 0.2194 

7 3 . 9 5  0.1024 

161.0 0.1885 
161.8 0.1897 
88.86 0.1058 

165.0 0.1966 
L65.7 0.1560 
98.8 0.1050 
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Table 1. Conrimed 

500C 

50OC 

50% 

50°C 

500C 

50OC 

50OC 

60OC 

6OOC 

SN8 

SN9 

SNlO 

SN11 

5N12 

SN13 

SNl4 

3 706A 

3 806A 

600C B 906A 
c 

90°C B 709A 

90°C 3 809A 

9OoC B 909A 

ANAL. 5 PT. 
EXACT 5 PT. 
CURVE FIT 

ANAL. 5 PT. 
EXCAT 5 PT. 
CURVE FIT 

ANAL. 5 PT. 
EXACT 5 PT. 
CURVE FIT 

ANAL. 5 PT. 
EXACT 5 PT. 
CURVE FIT 

ANAL. 5 PT. 
EXACT 5 PT 
CURVE FIT 

ANAL.  5 PT. 
EXACT 5 PT. 
CURVE FIT 

ANAL. 5 PT.  
EXCAT 5 PT. 
CURVE FIT 

ANN.. 5 PT. 
EXACT 5 PT. 
CURVE FIT 

ANAL. 5 PT. 
EXACT 5 P I .  
CURVE FIT 

ANAL.  5 PT. 
EXACT 5 PT. 
CURVE FIT 

ANAL. 5 PT. 
EXACT 5 PT. 
CURVE FIT 

ANAL. 5 PT. 
EXACT 5 PT. 
CURVE FIT 

ANAL. 5 PT. 
EXACT 5 PT.  
CURVE FIT 

0.3500 
0.3500 
0.3500 

0.2993 
0.2993 
0.2993 

0.2498 
0.2498 
0 .2498 

0.2007 
0.2007 
0.2007 

0.1501 
0.1501 
0.1501 

0.09981 
0 .09981 
0.09981 

0 .06818 
O.OL.318 
0.06818 

0 .7002 
0 .7002 
0 .7002 

0.7994 
0.7994 
0.7994 

0.9050 
0.9050 
0.9050 

0.7163 
0.7163 
0.7163 

0.8315 
0.8315 
0.8315 

0.9356 
0.9356 
0.9356 

0.3500 1.369 1.014 
0.3500 1.369 1.011 
0.3500 1.369 1.004 

0.2993 1.388 1.155 
0.2993 1.387 1.152 
0.2998 1.386 1.134 

0.2498 1.396 1 .219  
0.2498 1.396 1.215 
0.2502 1.394 1.181 

0.2007 1.405 1.228 
0.2007 1.404 1 .223  
0.2007 1.204 1.220 

0.1500 1.467 1.907 
0.1500 1 .466  1.900 
0.1503 1.465 1.861 

0.09981 1.547 3.093 
0.09978 i . 3 4 7  3.092 
0.1000 1.5L6 3.058 

o .oLai8  1 .671  5.530 
0.04818 1.672 5.581 
0.04830 1.671 5.563 

0.7002 1.504 5.964 
0.7010 1.500 5.798 
0.7019 1.499 5.74s 

0.7994 1.502 6.138 
0.8005 1.499 5.994 
0.8016 1 .699  S.942 

0.9050 1.559 9.913 
0.9061 1.556 9.716 
0.9068 1.555 9.669 

0.7163 1.407 32.23 
0.7176 1.405 31.86 
0.7184 1.405 31.56 

0.8315 1.441 42.50 
0.8330 1.&41 42.49 
0.8335 1.441 42.16 

0.9356 1.490 62.57 
0.9373 1 .491  63.11 
0.9375 1.L91 63.06 

4.192 
4.295 

-0.2852 

0.6731 
0 A056 

-6.154 

-2.370 
-2.184 
-9.657 

-7.464 
-7.172 

-18.38 

-22.02 
-21.50 
-35.31 

-59.83 
-58.73 
-77.16 

-147.7 
-145.4 
-162.3 

21.59 
22.05 
19 .98  

24.86 
25.22 
22.54 

22.33 
22.64 
?I .37 

28.30 
28.81 
26.49 

27.62 
27.99 
27.08 

26. 80 
27.09 
26.51 

:70.0 0.2463 
170.8 0.2480 
90.22 0.1268 

173.3  0 .2601 
173.9 0.2624 
9L.20 0.1480 

175.0 0 .3457 
176.0 0.3488 
102.7 0.:411 

178.0 0.3003 
179.0 0.3023 
!28.5 0.07785 

176.3  0.3602 
177.b 0 .3663 
129.3  0.1945 

L78.0 0.2999 

. = , . I  0.2031 
:Bo.: 3.3170 
. , -  , 

!99.3 3.4549 
203.3 0.4989 
203.9 3.2664 

18.80 0.2033 
18.85 0 .2348 
1 5 . i 1  0.1105 

18.77 0.2717 
18.92 0.2834 
14.55 0 .0900 

18.35 0.1665 
18.95 0.2121 
15.30 0 .0971 

15.74 0.1791 
16.00 0 .2468 
12.50 0.0804 

15.35 0.1559 
15.70 0.1672 
13.35 0.0666 

15.07 0.1297 
15 .59  0.1150 
13.99 0.0782 

ods. The theoretical characteristic and the corre- 
sponding experimental curve for one illumination 
level are shown in Fig.j(a). The current error Z,, - 
lexp is also plotted in Fig.j(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 overd  current error at the 
expense of accuracy in the short circuit re$on. This 
lower overall error is obtained by altering the values 
of R,y and R,,, and in some c z e s  to the extent that 
R \, is half the value of R ,,". 

It can be argued, however, that while curve fitting 
produces a lower value of E ,  it does not 4 0 ve a more 
accurate value for R ,  and R<,,. From the analysis 
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500- 

4 0 0 -  

I 
I m A  1 

30 0- 

200- 

100-  

x Experimental da ta  

- Theareticol curves fo r  
analytical 5 pt a n d  
curve f i t t ing methods 

0 5 1  0.2 0.3 0 .1  0.5 
v I Vol ts)  

Fig. 5. (a) Cornpanson of experimental data idata code SN1) n.Lth the /- I'characterisrics generated from 
parameters extracted with the analytical 5 point and cunr titting methods. ibr Plot of the current 

deviation of the theoretical I -  I; characteristics from the cxperimental data idata code SKI). 

given above, it is evldent that R,,  should be very 
close to R , h o  for most cells, and curve fitting, by 
using a value of R,, which is much lower than Rrh,, .  
is actually compensating& errors nearer the maxi- 
mum power point. These errors, though quite small. 
are problems inherem in fitting the single diode 
model to the experidbtal  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 J h .  In Fig. 6(a), 6 is 
plotted against R ,  for fixed values of the other 
parameters. Note that R,, for th is computation is 
fixed at 142 S?, which is the value of Rsho measured 
by the small signal method. This graph shows that 
the minimum e occurs when R,  = 9.9 m a  which is 
very close to the value of R,  = 10.3 m 9  obtained by 
the analytical method. The analytical method there- 
fore ~ v e s  a value of R ,  very close to the best fit 
value when R,, is fixed at Rrho. 

The graph in Fig. 6(b)  gives a plot of e against R,, 
for fixed values of the other parameters. Here R, 
was set at 10.3 m a ,  the value obtained by the 
analytical method. The minimum value E occurred 
when R,, was 120 S?,. However the random scatter of 
the experimental data ought to be considered. From 
Fig. 5(b), random scatter on average makes up 10% 
of the current error, implying that a reasonable 
estimate of the uncertainty in E would also be 10%. 
This would give from Fig. 6(b) an R,, range of 
90-180 9. Thus curve-fitting is an extremely insensi- 
tive method of determining Rrh.  This is because. 

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

I t  can be seen therefore that the cune 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 variations in R s h ,  the fitting process pro- 
duces large changes in R,, to accommodate rela- 
tively small current errors in other pans 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 difficdt to determine 
accurately than the other data points. However, the 
small signal method enabled Rrho 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 ma, respectively, while their shunt resis- 
tances were 100 and ? O i l 2 ,  respectively. It is expected 
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Fig. 6 .  (a) Plot of E 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 c for diferent R,, values 3s in (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 [6j 
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 c i r c u i t  

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  homojunct ion,  p -n ,  n -n  + or p-p+ hetero- 
junction, Schottky barrier, or metal/ insulator/semiconductor Schot tky 
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  Iph. The net 
current I flowing through the lead can be written as 

I = Ip.(¢) - -  Ibk(Y) (I) 

where Ibk is a bucking current caused by the partial recombination of 
photogenerated electron-hole pairs and depends only on the cell voltage 
V, and Iph is a function only of  absorbed photon flux ¢ per unit time. 
In general Iph may be voltage dependent,  while Ibk 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 Iph and Ibk 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, Iph approaches the maximum theoretical 
value of the given incident radiation. In contrast, the bucking current Ibk 
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 

( 2 )  

! 
Sun 

Window grid -I- 

Ph otovol ta ic barr ier  / V 

/ 
Absorber  ~ --  

TBack ohmic 
l contact 

o 

:R L 

Fig. 1. Schematic  diagram of  a general solar cell structure. 
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where I 0 is the saturation current, q the electronic charge, k the Boltzmann 
constant,  T the absolute temperature and n ~> 1 the so-called "ideali ty fac- 
tor".  The values of  n and I 0 depend strongly on the mechanism of bucking 
current transport to be discussed in Section 3.3. From eqn. (2) the open- 
circuit voltage Voc can be written as 

Voc ~ - -  In (3) 
q 

since the short-circuit current Isc ; Iph ~> I0. 
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 Iph. The cell efficiency is computed at the maximum power 
point (Vm, Ira) on the illuminated I -  V characteristic as 

y j m  

Pin 

Uoj= 
= F F -  ( 4 )  

Pin 
where Pin 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 Rs 
(due to bulk and contact  resistivity) and the shunt resistance R~h (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 

T_.sc _ 7 . . . l~Load  line 

5 J 
/ ~ I l luminated 

IVo0 v 

Fig. 2. Solar cell I - V  characteristics in the dark and under illumination. 
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I l' Rs I 

(a) (b) 

Fig. 3. (a) Simplified equivalent circuit of a solar cell; (b) equivalent circuit with series 
resistance R s and shunt resistance Rsh. 

Rs and the current  through Rsh. R~ and R~h will affect all the cell perfor- 
mance parameters, but  for the usual values encountered in practical cells 
they contr ibute  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 Voc, the 
short-circuit current  Isc, 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 Rs, the shunt resistance Rsh, the 
diode ideality factor n and the dark or bucking saturation current  I 0. 

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 0 = 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 0). For space 
applications the spectrum used is referred to as AM 0 and accurate measure- 
ments on such solar cells are of ten 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  s p e c t r u m  u n d e r  AM 0 and  AM 2 cond i t ions .  

T A B L E  1 

A p p r o x i m a t e  value  o f  solar  i r rad iance  a t  var ious  inso la t ions  

Air  mass Solar p o w e r  densi ty  
(mW cm -2 ) 

AM 0 135  
A M  1 100 
A M 2  75 

/ I X  / I  \ / I \  
lamp array 

Solar Cel I Probe 

~ ' ~ . .  d" I = 

' ' st0,e ~ RL 
I 1 Temp.-  controlled To recording 

instrument 

J ~ 
Current -  unsing 

resistor 
Fig. 5. Schemat i c  d iagram o f  a s imple  tes t  s t r uc tu r e  for  i l l umina ted  I - V  measu remen t s .  

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 s p e c t r u m j n a y  be 
traced on an x - y  recorder  by varying R L f rom zero to infinity, or by con- 
necting a semiconductor  curve tracer across the cell. It is impor tant  to keep 
the cell temperature  at a constant  reference value (300 K) and for this 
purpose it is desirable to moun t  the cell on a temperature-control led 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 Voc and I~c 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  (Vm, Ira) can be obtained by iteration or by using 
an automatic plot ter  to plot P = V I  versus  V or I from which Pm = V m I m  
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 ~? (compare eqn. (4)). The input power density Pin is known for the 
simulated solar insolation (Table 1). In reporting the short~ircui t  current  
density J~c = Isc /A and 77, it is necessary to specify the area A of  the cell so 
that the contr ibut ion of  any possible peripheral collection of minori ty 
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 ~ 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 eff ic iency" which includes the 
total (exposed as well as shaded) cell area in the computa t ion  of J~c. For 
measurements on concentra tor  cells a flash technique is most  convenient as 
this minimizes cell heating [6]. 

3.2.  Cell  i n t e rna l  p a r a m e t e r s  
Apart from measuring the above external performance parameters of 

the solar cell, it is also necessary to determine the internal parameters 
such as Rs, Rsh, ~ and I 0 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 0 are best evaluated 
from the bucking or dark I - V  characteristics (to be discussed next),  while 
R s and Rsh may be obtained from the illuminated I - V  plot  itself. From 
Fig. 3(b) and eqn. (2) modified to account  for Rs and Rsh, it can be readily 
shown that  Rs is approximately given by the negative inverse slope of  the 
illuminated I - V  plot  at I = 0 (open-circuit point)  and R~h by the value at 
V = 0 (short-circuit point).  R~ and R~h primarily affect the fill factor  which 
is also dependent  on Voc. 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 
Rs, shunt resistance Rsh and two distinct bucking current mechanisms (R s = 0.4 ~2 cm 2 ; 
Rsh -- 100 k~'~ era -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 77 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 Rs and Rsh 
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 Voc (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 I0 can be evaluated 
from the linear regions of the (log I ) - V  plot by using the slope (inverse 
slope is approximately equal to 6On(T~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 I0] and I02 in the two regions. 

it is limited by Rs). The minority" carrier bulk diffusion sets the ultimate 
limit on the maximum Voe 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 T 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 0 is also available. In the low voltage regime 
of this representative plot, n is a constant (> 1) and I 0 is thermally activated 
( e x p { - - E / k T )  dependence (see Fig. 7, lower inset)}, thus suggesting space 
charge recombination (confirmable from the slope of the log I o 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 o 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 Ise-Voc 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 ~Text is defined as 

Zsc(~) 
~ext(~k) -- (5) 

q¢(?~) 

where ¢(~) is the photon flux per second at wavelength ~ incident on the 
cell and Isc(~ ) is the measured short¢ircuit  current. Thus a plot of ~/ext 
against }, 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 ~(k), the minority 
carrier diffusion length l, 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 

Q LAMP 

I LIGHT CHOPPER 

- -  LENS 

REFERENCE ] MONOCHROMATOR 

[ ~ 1  - -  LONG PASS FILTER 
. . . .  • SOLAR CELL i 

LOCK - IN 
AMPLIFIER I J BIAS SUPPLY ,, 

~ DIGITAL VOLTMETER 

Fig. 8. Schematic diagram o f  a set-up for spectral response and quantum efficiency 
m e a s u r e m e n t s .  
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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 a t tendant  
small illumination level is to substitute it with a batch of several narrow 
bandpass interference filters (filter wheel) [13, 14]. The values of ~ of some 
thin film cells such as the Cu2S/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 k) to carry 
out  spectral response measurements at high light intensities. 

5. Diffusion length 

The minority carrier diffusion length l = (DT) i n  (where D is the diffu- 
sion constant and T 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~ircuit  photocurrent  is approximately given by [15] 

Is¢ ~ q~b(k)T(k) 1 -- exp(-- o~W) + exp(-- o~W) 
1 +-~l 

(6) 
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where ¢(X) is the incident photon flux per second, T{X) is the transmission 
through the upper metal layer, a(k) is the absorption coefficient in the 
semiconductor, l is the minority carrier diffusion length and W is the width 
of the depletion region. Equation (6) is valid for a long diode (L > 3l) over 
a range of X for which there is strong absorption in the semiconductor 
(L ~> 3(1/~)). 

In the classical method of obtaining l from spectral response the short- 
circuit photocurrent  is measured as a function of X over a range wherein 
~(?,)w ~ 1. 

Then eqn. (6) may be simplified to 

1-11 t 1 f 
q¢(X)T(X)t = ~- l+  c ~ )  

(7) 

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/~(X) 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, l 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/~(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 W0, may be written as 

Isc(W) 
Inorm(O~W) - _ _  

I~c(Wo) 

1 + od -- exp(-- o~W) 
= (8) 

1 + al -- exp(-- aW0) 

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

eA 
W(V)  - (9) 

c(v) 
where e 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/norm versus ~(X)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/am). 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  k. Empirical expressions for a(k) 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- 
t ion coefficient is so small at the illuminated wavelength that  aW ~ 1. Then 
eqn. (6) reduces to 

q(~(k) T(k) 
Is¢(V) - a(k){W(V) + a} (10) 

1 +/a(k)  

Since W(V) can be obtained from C - V  measurements (compare eqn. (9)), 
a plot of Isc against W (with reverse voltage V as the variable parameter) 
should yield a straight line with intercept I [18]. In this modified technique 
it is not necessary to know the exact value of a(k) but simply to choose a 
wavelength k such that  the product  W(V)a(k) ,~ 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 > Eg 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] 

1 ) ( l l )  SPV = f constant × ¢ 1/a + l 

Transparent 
Conductor 
(Eg SnO 2 ) 

~ Chopped monochromatic 
beam 

Top pressure 
GI ass 

I contact 

V ~ ~ ' / ~ , / / ~ / ~ ' ~ / / " ~  S e smiacc ;id: ct°r 

~" Back contact 
Fig. 9. Schemat ic  diagram o f  a test  s tructure for surface p h o t o v o l t a g e  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 30l, 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 pm. 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 pm) and scanned across the junction with high 
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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 l. 

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

1~ cc exp (-- / )  (12) 

for x > l and uniform surface recombination velocity S. Hence l can be 
evaluated readily from the straight line plot of log Is~ v e r s u s  x as 

d{ln(Ie~)} -1 
l = ~ . (13) 

It should be noted that the location of the junction, i .e .  x = O, is easily found 
from the peak of Isc v e r s u s  x .  More accurate expressions for I~c should be 
used and l 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. l l ( 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) I l lustrat ion o f  a test s t ructure  for d i f fus ion  length measurement  by beam- 
induced cur ren t ;  (b) il lustrative e lec t ron-beam-induced current  (EBIC) p lo t  (l = 0 .90 / lm) .  
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position should be known, and this is particularly difficult for materials 
with short diffusion lengths (l = 1 - 5 pm). 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 0 (giving a geometric 
"gain" of 1/sin 0). 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 z 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 
bot tom 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  Isc has been shown to be [28] 

exp(-- x / l )  
Isc o: x 3/2 (14) 

provided that  1 ~ 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 ln(Iscx 3n) v e r s u s  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 1. It may be noted that  apart from electron 
and photon beams any narrowly focused particle beam (e .g .  o~ particles) 
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Fig. 12. Illustrations of alternate test structures for beam-induced c u r r e n t  m e a s u r e -  
m e n t s :  (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 T with a relatively simple experimental set-up and then to infer l 
indirectly by assuming the value of diffusion coefficient D (l = (Dr)I/2). 
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 me thod  
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 Voc is monitored on an oscilloscope. Figure 13(b) is a sketch 
of the decay of  Voc 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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Fig. 13. (a) Schematic diagram of a simple test set-up for open-circuit voltage decay 
m e a s u r e m e n t  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 r as given below [35]. 

In region I 

2kT(dVoc) ' 
r = - -  (15) 

q \ d t  

In region II 

_-   (d.oct' 
r q \ d t  ] 

and in region III 

 :  Iex l V'0 l 1]ex'( (17) 

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 

Recombinat ion 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 ( l /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 "effect ive"  lifetime or diffusion length 
is usually measured. In one such technique [38, 39],  scanning electron 
microscopy-electron-beam-induced current, the beam penetration depth h 
of  the electron beam is varied by changing the beam accelerating voltage 
Y A and the effective diffusion length /elf measured as a function of  h (see 
Fig. l l ( a ) ) .  The value of  h is dependent  on the beam voltage and varies as 
VA 1"7. The measured effective diffusion length le~ , can be shown to depend 
on the bulk diffusion length l, the bulk lifetime r, the surface recombination 
velocity S and the electron beam penetration depth h as [38] 

leff2=a211 1 ST~l+ Sr/l exp( - -  h ) l  (18) 

As shown for a representative example in Fig. 14, a straight line is obtained 
if l n { 1 -  (leff/l) 2) is plot ted against h (or V1"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 l, a more accurate analysis is necessary to determine S [40]. Other 5//  
I - ' -2  
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Fig. 14. I l lustrat ion of plot  to determine the s u r f a c e  r e c o m b i n a t i o n  v e l o c i t y  f rom the 
b e a m  p e n e t r a t i o n  d e p t h  h. 
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t e c h n i q u e s  for  sur face  r e c o m b i n a t i o n  v e l o c i t y  m e a s u r e m e n t  i n c l u d e  p h o t o -  
l u m i n e s c e n c e  t i m e  decay ,  IR a b s o r p t i o n  a n d  t he  p h o t o e l e c t r o m a g n e t i c  
e f fec t .  

A n u m b e r  o f  o t h e r  spec ia l i zed  m e a s u r e m e n t  t e c h n i q u e s  have b e e n  
d e v e l o p e d  to  assess t he  p e r f o r m a n c e  o f  p a r t i c u l a r  solar  cell  sy s t e ms  a n d  
c o n f i g u r a t i o n s ,  b u t  for  b r ev i t y  th i s  p a p e r  has  dea l t  o n l y  w i t h  m e t h o d s  of  
b r o a d  app l i cab i l i t y .  
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