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Abstract. This work presents an accurate, fast and automated technique for characterizing p-n junction single
crystal solar cells. A PC-based system was constructed to measure (he static conditions — current-voltage
charagteristics, and dynamic characteristics — capacitance-voltage characteristics in the reverse bias region and
impedance-frequency-voltage characteristics in the forward region. _

Different techniques were used to exiract the model parameters as well as the most important physical and
technological parameters. The five parameters single diode lumped model was used to fit the measured IV data
urder AM1 illumination. The extracted parameters of the lumped moded were used as an input for the PSPICE
program to simulate the solar cell characteristic.,

Both measurement and extraction of parameters were carried out on-line under the direct control of a

personal computer, The developed system exhibits reliable performance and its use can be extended for characterizing
other semiconductor devices.

Nomenclature

cross-sectional area (cin®)

total capacitance (F)

junction (depletion-layer) capacitance (F)
minority carrier storage capacitance (F)
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FF solar cell fil factor (%)

G,, small signal shunt conductance (V)
I, photogenerated current (A)

I ... current at maximum power (A)

I diode saturation current (A)

[, short-circuit current (A)

n ideality factor

n* heavily-doped n-type material

N, acceptor concentration (cm?)

Q quality of fit factor (%)

q electronic charge (C)

R, series resistance ((2)

R, shunt resistance (§2)

R, shunt resistance (Q) near vV,=0

r, small-signal junction shunt resistance (£2)
r,  small-signal series resistance (Q)

V, applied voltage (V)

V,; junction built-in voltage (V)

V... voltage at maximum power (V)

V.. open circuit voltage (V)

V. rteverse bias voltage (V)

V. thermal equivalent voltage (V)

o angular frequency (rad/s)

Z  impedance (Q)

1 conversion efficiency (%)

€ permitivity of free space

g€ relative dielectric constant of semiconductor
T the time constant (s)

%, electron minority carrier lifetime (s)

Introduction

Personal computer aided characterization (PCAC) has become a necessity in research and
development because of its potential in regards to accuracy, speed, reliability and
computational capabilities.

Fast and accurate determination of solar cell parameters from experimental data is

very important in the design, evaluation and quality control of solar cells. Therefore the
use of PCAC will be effective and powerful in that area.
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PCAC used in this paper includes two main processes: (a) PC-aided data acquisition
process in which both static and dynamic characteristics are measured, and (b) PC-aided
data analysis process in which the measured data are used to extract the different models
and physical parameters.

The static conduction characterization includes the measurement of the I-V characteristic
under dark and different illumination conditions and the measurement of [ -V_ under
very low illumination conditions. Assuming the single dicde lumped model, these measured
characteristics are used to extract the five model parameters (n, 1, R, R and I, ) and the
output parameters (FF and h).

The dynamic characterization includes the measurement of the C-V characteristics in
the reverse bias region needed to extract the doping concentration level in the p-region and
the barrier height of the device under test (DUT), Also it includes the measurement of the
(Z - V - w) characteristics in the forward bias region to extract the value of the minority
carriers lifetime (t) in the p-region.

Experimental Work

Measurement of the static conduction characteristics
The setup used for the measurement of the I-V characteristics is shown in Fig. 1.
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Fig. 1. (a) Block diagram for I-VA measurement setup (b) The DUT in the bigs circuit using (hre-puint
probe technique.
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The hardware support around the host IBM compatible PC (HP Vectra) consists of an
IEEE-488 interface card (HPIB), connected to a Data Acquisition System {(DAS)/Control
Unit (HP 3497 A) with a built-in digital voltmeter (HP 44420 A) und a 20-Relay Multi-
plexer Assembly (HP 44421 A). The bias sweep voltage is obtained via a function generator
(Tektronix FG-504). The maximum and minimum values of the input sweep voltage must
be chosen such that it biascs the cell from reverse (o forward in a suitable range. The
sample is connected so that the two measured quantities are fed to the DAS via two
separale channels.

The contact to the cell must be implemented carefully in order to eliminate the effect
of contact resistance, between the cell and the measuring probe, on the [-V characteristics.
The three-point probe techniquc is used here, where the contact resistance effect will be
decreased assuming sufficiently large back surface area.

A program was written in Basic to control the setup via the PC and (v measure the I-
V characteristics either under dark or under different illumination conditions.
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Fig. 3. Block diagram of the C-V , measurement setup.

A 0.18 em* single crystal n*-p solar cell specimen has been characterized, using the
setup of Fig. 1 and the Basic program. Typical results are shown in Fig. 2.

Measurement of the capacitance-voltage characteristic

The C-V measuring setup is shown in Fig. 3. The multi-frequency LCR meter (HP
4274A) can be programmed via the PC using the HPIB interface bus to measure the C-V
characteristics of the sample in the reverse bias region at different frequencies. It can
provide the small signal as well as the dc bias internally. Figure 4 shows measured C-V
characteristics using the setup of Fig. 3. It is important to mention here, that the measured
capacitance almost represents the depletion capacitance because the diffusion capacitance
under reverse biasing is very small and the frequency of measurement is low.

Measurement of the impedance-voltage-frequency characteristics

The measurement set up is shown in Fig. 5. The lock-in amplifier (LIA) (ITHACO
362 A) is used because of its ability to measure very small signals (amplitude and phase)
with respect to a reference signal. Tt is controlied through the PC using the HPIB interface
bus. The LCR meter is used to provide both the programmed small signal and the
forward dc bias voltage to the sample. Thc small signal is also used as a reference signal
for the LIA.

Through the LIA, the PC can measurc two signals that are proportional to the voltage
across the sample and the current through it. By this measurement the forward impedance
is calculated easily using Ohm'’s law. Typical results are given in Fig. (6).
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Parameter Extraction and Discussion

I-V Characteristic under dark condition

The measured I-V characteristics shown in Fig. 2a can be used to extract the parameters
of the single diode model of the solar cell shown in Fig. 7 [1,2]. The general relation
between the current and voltage of the solar cell can be written in the following form [1]

I =1, [¢Va-RVavr _ 1] + Va_ - IR) 03
Rsn

q 11600

KT T
where V1 = —

In most solar cells R/R, < < 1, so Eq. 1 takes the form

1= [eVa-RVavs _ 1] + YA ‘ @)
Ran

Equation (2) can be used at different regions of current values to extract certain parameters
in the regions where these parameters are dominant.

The experimental I-V characteristic of Fig. 2a can be approximated near the origin by
a straight line to extract R . The Log (I)-V plot shown in Fig. 8 can be approximated by
a straight line in the medium current region to extract I and n. R, and R can then be
found at each bias voltage in both low and high current regions respectively.

It was found that R, and R, values vary with bias as shown in Fig. 9, so their average
values are calculated. Table 1 summarizes the results of the analysis described above.

The extracted parameters of the lumped model are used as an input for the PSPICE
program to simulate the solar cell characteristics. Figure 10 shows good matching between
the simulated and measured characteristics. The increase in the R_ lumped value could be
explained by the distributed nature of the cell equivalent circuit. The bias voltage distribution
is not uniform over the cell surface (current crowding effect) [3]. On the other hand, the
decrease of R with bias has also been reported in the literature [4]. It might be caused
by metal spikes penetrating the top layer causing Schottky-like barriers.

The I-V Characteristics Under Ilumination Conditions

Two methods for extracting the solar cell parameters under illumination are presented
in this section [5].
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Fig. 10. PSPICE simuiation of the extracted lumped model

A) Analytical method

The mathematical relation between the 1_ and V_ under high illumination conditions
can be shown to have the [ollowing form,

I = I emenVT (3)

Table 1. Single-diode model extracted parameters under dark cundilion

Is n R, R, (av.) R (av.)
(A} (kw) (W) (kw)
3.12E-7 + 4.2E-9 2.333 = 0.017 1334 =25 1.3 5.65

Table 2. Single-diode model extracted parameters under illumination using analytical method
I n R, (av.}
(A) (kw)

2.03E-7 + 1.13E-8 212+ 008 1337 £ 0.0
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Thus if the log (I} - V__ characteristic shown in Fig. 2c is approximated by a straight line,
I, and n can then be extracted directly. But the mathematical relation between I_and V_
under very low illomination conditions can be written in the following form,

Vee
e =2 — 4
¥ Rshe - ( )
which means that if the I_- V__ characteristics shown in Fig. 2d is approximated by a straight
line, R can be easily extracted. The analysis results are summarized in Table 2.

B) Curve fitting technigues

Another approach is followed here to extract all the parameters of the solar cell model
from the whole set of measured 1-V characteristics using fitting techniques. The five
parameters singte diode lTumped model shown in Fig. 11 is used to fit the measured I-V
data under AM] illumination (100 mW/cm?).

The numerical algorithm used in the proposed fitting technique is given in literature
[1]. TFhe fill factor and efficiency can alsc be calculated. Table 3 represents the output list
of the fitting program while Fig. 12 shows the experimental points over the gencrated
futting curve.

C-V Characteristics
It is clear from Fig. 4a, that the measured capacitance under reverse bias voltage is

independent of the small signal frequency and represents the junction (depletion-layer)
capacitance directly.
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Table 3. Solar cell extracted parameters using fitting techniques

I (4)

L (A)

B

i

Ry (w)

G,

N

Nl

Fit factor (%)
e (W

Vo (V)

Iee A)
Vinas (A3
FF (%)
h {%)

5.00E-03
5.20F-07
16.97
2,27

0.21
0.00063
65

55

88.13
4.97E-03
0.536
4,16E-03
411
64.1

14.9 (active area)
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The general relation between the capacitance and the bias voltage for any p-n junction
is,

é=—ﬁ(vg—vbi) )
or
Cif = B;JA (VR - Vu) (6)
where
p = _d&rgo A?
2

If the measured points of Fig. 4¢ are approximated by a straight line to represent the
relation (6), the doping concentration in the base (N, ) and the barrier height (V, } can be
extracted. The following values are obtained respectively,

N

A 1.68E16 + 4.3E12 cm®
V

0.88 + 0.02V

bi

We should point out here that the error + 4.3E12 cm™ in N, is due to the fitting of the
experimental data with a straight line. Other sources of errors, such as estimating the cell
area are not considered.

The relatively high value of the barrier height voltage (V) is due to the highly doped
top layer of the (n*- p) junction under test.

Z-V- Characteristics

The small signal model of the p-n junction solar cell at forward bias is shown in Fig.
13. The total impedance expression can be written at certain forward bias as foilows:

7 - N I . riée’
[[s 1_'_0)2021,?] -1 [1+0)2021'J?] | (7)
Z = R(o) - jX.(w) ®

where C = CJ. +C and = 1G
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G o cJ'-I-' =c G Tc,

(a) (b)
At forward bigs At reverse bias

Fig. 13. Small signal model of a p-n junction

We should mention here that minority carriers storage capacitance includes the effect
of the minority carriers in the neutral region (usually called diffusion capacitance) and the
minority carriers in the depletion region (usually called space charge recombination
capacitance). The expressions of these capacitances are given in [6] and [7].

The impedance locus in the R-X_plan represents a semicircle as shown in Fig. 6. In
this tigure, the following relations apply

tan £ = T Cw 9
at £ = 45° I Cw=1 (1
then t = er= 1w at £= 45° (11)

The minority carriers lifetime is given by
t, =1C (12

so 6=t rC (13)

Using the impedance diagram in Fig. 6, the value of t can be calculated using
equation (11) and the value of r. can be estimated graphically. The value of the junction
capacitance (C,) at this bias can be found by extrapolating the straight line in Fig. 4c to the
forward bias region. Equation (13) can then be used to calculate the value of the lifetime
(t). Table 4 lists the calculated small signal parameters at a forward bias of 0,35V.
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Table 4. Calcualted small signal parameters at §.35 V forward bias

r, L+, ) o at ¢=45 T C T,
«Q) Q) Q) (kHz) (usec) 0y (usec)
30 400 370 38.2 4,166 0.91 E-8 0.799

Since the ideality factor obtained from the I-V characteristics is approximately 2, the
recombination current component is the dominant one. Therefore we can speak about
space charge capacitance rather than the diffusion capacitance. Also, the life time (t)
obtained from this measurement will represent mainly the life time of minority carriers in
the space charge region.

The calculation of C_ has been made at relatively low frequency (less than 50 kHz),
which satisfy the low frequency condition (w v << 1). Therefore C, is considered
independent of frequency.

Conclusions

A PC-based data acquisition system for characterizing a two-terminal solid state device
is implemented. The system can be used to measure the current-voltage characteristics
under both dark and illumination conditions, the capacitance-voltage characteristics and
the impedance-frequency characteristics of p-n junction diode. The system has been used
to measure with high speed and reliability the different characteristics for single crystal as
well as polycrystalline silicon solar cells.

The measured data have been used to characterize the samples either by analysis or
fitting techniques using a PC in order to extract the different solar cell parameters. The
fitting program which was designed to extract the cell parameters from the illuminated I-
V characteristics can be considered an accurate and fast approach for the characterization
of the p-n junction solar cells.

It was found that recombination current component is dominant over diffusion
component of current. Moreover, the device capacitances showed frequency independence
up to 100 kHz.
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