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Contactless determination of current—voltage characteristics and minority-
carrier lifetimes in semiconductors from quasi-steady-state
photoconductance data
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Department of Engineering, Australian National University, Canberra, ACT 0200, Australia

(Received 4 June 1996; accepted for publication 26 August)1996

A simple method for implementing the steady-state photoconductance technique for determining the
minority-carrier lifetime of semiconductor materials is presented. Using a contactless instrument,
the photoconductance is measured in a quasi-steady-state mode during a long, slow varying light
pulse. This permits the use of simple electronics and light sources. Despite its simplicity, the
technique is capable of determining very low minority carrier lifetimes and is applicable to a wide
range of semiconductor materials. In addition, by analyzing this quasi-steady-state
photoconductance as a function of incident light intensity, implicit current—voltage characteristic
curves can be obtained for noncontacted silicon wafers and solar cell precursors in an expedient
manner. ©1996 American Institute of PhysidsS0003-695(96)02743-X

Measurements of minority-carrier lifetime in silicon wa- electrons and holes is established in the material. The total
fers are extremely valuable for process control and deviceecombination in a sample of thickne¥¢ can be conve-
optimization as well as for material and device physics reniently expressed in terms of an average excess minority
search. A common technique is based on the analysis afarrier densityAn,,, and an effective minority carrier life-
photoconductance decay transients after a very short lighime, 7%, leading to
pulse from a laser, flash lamp, light-emitting diodeED)
array or laser diode. The effective lifetime is obtained from  Jph=ANadW/ 7efr, 2

the slope of the decay curve. This method has been W'deIWhich essentially is a version of the classic relationship,
developed an_d many techniques h_ave been used _to SEnse KWzGLTeﬁ. The photogenerated excess electron and hole
photoconductivity without contacting the wafer, including densitiesAn=Ap, also result in an increase in the conduc-

microwave reflectance, capacitive coupling, and the use of g .o ¢ the sample. The excess photoconductance is given
coil to couple inductively the wafer conductivity. For a typi- by

cal induction-coupling apparatus with aus light pulse and

a radio frequency of 10 MHz, effective lifetimes greater than o =q(Anaun+ Apaup) W=0Ang(un+ up)W.  (3)

50 us are easily and accurately measutédwer lifetimes,

in the 10 ns range, have been determined with more sophif—or many semiconductors, and for silicon in particular, the
ticated instruments using shorter light pulses and higher fre€lectron and hole mobilities are well known and their depen-
quency circuit. In the case of very low lifetimes, surface dence on both the sample doping and the injection level can
recombination transients and minority-carrier spreading efbe found in the literaturé! Equation(3) can be iterated to
fects are present that complicate the interpretation of thénd bothAn,, and (un+ up) consistent with the measured
measurements. conductance. A measurement of the photoconductance is,

An alternative method based on measuring the phototherefore, a nearly direct way of probing for the excess car-
conductance under steady- or quasi-steady-state illuminatidier density.
is presented in the following sections. The method is aimed ~ The effective minority carrier lifetime can be determined
at simplifying the determination of very low lifetimes, al- from Egs.(2) and(3)
ltlr;gtlljrizslt can also be used for moderate and high effective rett= 0L [ Ior i+ ). )

For clarity, we begin with a summary of the classical The conductance and the incident light intensity can be mea-
analysis of the photoconductance. In a semiconductor undefyred using a calibrated instrument and a reference solar cell
steady—state illumination, a balance exists between the geiyr photodiode' respective|y_ For a given irradianﬂ;&v can
eration and the recombination of electron-hole pairs. Expe easily and accurately estimated using available computer
pressing the photogeneration and recombination rates as Cifrograms or lookup tables. In a typical 3@®a-thick silicon
rent densities: wafer with low reflection losses, the standard global AM1.5
(1) solar spectrum produces a total photogeneratign, of ap-

, _ proximately 38 mA/crA. The value ofJ,, relative to the

As a consequence of this balance, an excess concentration @kerence solar cell can be adjusted for a particular sample to
take into account different front surface reflectivities, wafer
dElectronic mail: andres.cuevas@anu.edu.au thicknesses, light-trapping features, or illumination spec-

Jph: Jrec-
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trums. In most practical situationsy, lies within a tight 4x10°7
range of 34—42 mA/cR) even after these possible variations

have been considered. A similar evaluationgfis possible ' ana
for other semiconductor materials. s

In general, the excess carrier density is position depen- 4 3x107 | ah .
dent. The total number of carriers divided by the wafer thick-
ness gives the average densit,,, used in Eqs(2) and
(3). Note, however, that the effective lifetime determined
from a photoconductance measurement does not depend on
the details of the minority-carrier distribution, except for the
very weak dependence introduced by evaluatjpg wp) at
the average carrier concentration.

A convenient implementation of the steady-state ap-
proach described above is to use a light pulse that vaeps N
slowly compared to the effective lifetime of the sample. This
offers an expedient method for obtaining the photoconduc- 00 ' 5x10T8 1107 15x10'®
tance under a wide range of illumination intensities in a short
time without significant sample heating. Analysis of the pho-
toconductance as a function of irradiance provides additional
useful information, including an implicit current—voltage FIG. 1. Effective lifetime vs minority-carrier density for a small-grained
(1-V) characteristic curve, as shown below, and the abilitymulticrystalline silicon samplép-type, 0.015Q cm, 500um-thick wafer,
to separate out different bulk and surface recombinatioff®" surfaces passivated with boron diffusipremperature 25 °C.
mechanisms.

Photoconductance instruments operating at 8—10 MH#han 60us, the error is less than 1%. The error increases to
were used for this work. A coil in a bridge circuit couples to 10% for 230 us minority-carrier effective lifetimes. To
the conductivity of the wafer. A signal proportional to this maintain this accuracy, data must be discarded prior to a time
conductivity is observed on a digital oscilloscope and transequal to three minority-carrier lifetimes after the peak light
ferred to a computer for analysis. The voltage signal wadntensity in order to avoid effects from the fast rise time of
verified to be linear in wafer conductivity over the entire the light pulse.
range of interest. A flashlamp light source capable of 100 This indicates an applicability of the quasi-steady-state
Wi/cn? (1000 sunsand having a fast rise time followed by a technique(using this particular flashlampf nearly four or-

2.3 ms decay time for a total time length of 7 ms was usedders of magnitude from about 10 ns to &6. Note, however,

In the quasi-steady-state technique, the effective lifetimghat higher lifetimes can also be measured using the same
is determined at every light intensity following the procedurebasic apparatus. Several options exist, the first being to use a
and equations outlined in the previous section. Compared twnger light pulse. The second alternative is to use a constant
a transient decay approach, the quasi-steady-state method #lldmination, for example from a ELH lamp. The high pho-
lows the measurement of very low lifetimes without fasttoconductance corresponding to high lifetime samples is eas-
electronics or short light pulses. The range of measurabldy measured even at relatively low light intensities. For ex-
lifetimes is only limited by signal strength. The sensitivity of ample, we have measured a 3.5 ms lifetime at one third of a
the instruments used here was 7—-27 V/S. Considering that $un for an oxide passivated 1000cm FZ silicon wafer. The
mV constitutes an adequate signal, E4). implies that the third option is to change the flashlamp pulse to its minimum
detection limit of this instrument is gs at one sun illumi- duration and use the transient photoconductance decay
nation. To measure very low lifetimes, the light intensity canmethod described in the Introduction. We have found a good
be increased. If the irradiance is increased to 1000 suns tragreement between the transient, steady and quasi-steady
detection limit becomes 3 ns. An example of the capability tomethods.
measure low lifetimes is given in Fig. 1. The effective life- The quasi-steady-state photoconductance data implicitly
time of this small-graineg-type, 0.015Q cm multicrystal-  contain information about the short-circuit current versus
line silicon wafer with boron diffusions on both surfaces is open-circuit voltagel ,.— V., characteristics of the device or
approximately 370 ns. The effective minority carrier lifetime structure being measured. The short-circuit current is implied
can vary with the injection level. In the case of Figsd; by the irradiance. The excess carrier density implies an open
was determined at high injection levels, where it is approxi-circuit voltage, the separation of the quasi-Fermi levels. In
mately constant. fact, photoconductance and voltage are both measures of the

When using an illumination that varies slowly instead of same excess minority-carrier density. For a solar cell made
being truly constant, care must be taken that errors are netn ap-type wafer with dopant density,, the implicit volt-
introduced into the analysis by the deviations from steadyage depends on the—n product at the junction:
state conditions. A numerical solution for the time-dependent _ 2
photoconductance that would result from an exponentially Vo= (KT/Q)IN[(AN(NA+Ap)/nf)+1]. ®)
decaying light pulse with a characteristic decay constant oThe local excess minority carrier density in E¢p) is essen-

2.3 ms was compared to the steady-state E)sand (4) to tially equal to theaverageAn,,, obtained from Eq(3) when
evaluate the possible error. For minority-carrier lifetimes lesghe surfaces of the sample are passivated and the minority-
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10 tance method. This agreement, which was also found in other
] experiments with different solar cell structures and materials,

confirms the validity and usefulness of displaying photocon-

3 ductance data in the form of implicit voltage.

n* front,
Al rear, 42 ps

-
»

Irradiance (suns)

In conclusion, quasi-steady-state photoconductance data
have numerous applications for semiconductor material and
ﬁ‘f device characterization. In particular, we have shown the
implementation of a contactless current—voltage measure-
ment technique for solar cells based on an expanded inter-
/ pretation of these data. Except for the short-circuit current
g n* both sides and resistive effects, many relevant parameters of a solar
4‘" 340 ps cell, including the open-circuit voltage, saturation current
density and ideality factor can be determined without depos-
= 1 iting the metallic contacts or using patterning techniques.

: : The method is simple and the data have a clear physical
interpretation. It is compatible with the transient photocon-
ductance decay approach and offers a means of extending

measurement capabilities to very low effective minority-
carrier lifetimes with the same apparatus. It has several ad-

058 06 062 064 066 068 07 0.72

Implicit Open-Circuit Voltage (V)

FIG. 2. Implicit open-circuit voltage vs illumination intensity curves at two ditional advantages:
stages during a solar cell fabrication sequeféype, 1 cm FZ mono- .
crystalline silicon wafers The actuaV . after cell completion was 620 mV. (i)
Temperature 25 °C.

Even when measuring lifetimes lower tharnus, the
data acquired is from a ms-range slowly changing
wave form, eliminating the fast electronics required

carrier diffusion length is greater than the wafer thickness. It
is also possible to find a simple relationship between the
minority carrier density at a front junction arddh,, in other (i)
relevant cases. For example, when the bulk minority carrier
lifetime is very low, a better approximation is
An,(WI/Lg¢). When the rear surface recombination velocity

is very high, 2An,, is appropriate.

Note that Eq.(5) is valid for any doping level or
minority-carrier-injection level. A plot of irradiance versus
implicit voltage will show the different ideality factors from
all the recombination mechanisms and their injection-level(m)
dependence without additional assumptions. This is in con-
trast to the effective lifetime, whose definition becomes am-
biguous due to the changing device physics at each injection
level.

for a transient decay measurement as well as the need
for a very short light pulse.

In the range of applicability, it is effectively a steady-
state measurement, similar to a solar cell in actual
operation. The recombination components are
weighted as in the actual device under open-circuit
voltage conditions including the transport and nonuni-
form photogeneration effects on the carrier-density
profiles.

By analyzing the data in the form of an implied
-V curve or illuminationVcurve, the data is in the
form most useful for solar cell analysis and process
development.
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monitoring through several stages of a Back Surface Field
solar cell fabrication procesg-type, 1 Q cm, float zone
monocrystalline silicon wafers were used in the experimen
After phosphorus diffusion plus oxidatidwith the diffused
region on both sides of the wajehe effective lifetime was
quite high, 340us. This value can be interpreted as a lower
bound on the lifetime of the bulk silicon material. After alu-
minum alloying at the rear, the effective lifetime decreased
to 42 us, mainly due to the additional recombination in the »
aluminum doped back™ surface region. In Fig. 2 the pho-
toconductance data are displayed in the form of impligit

samples used in this work, which has been partially sup-
tported by the Australian Research Council.

1D. K. Schroder,Semiconductor Material and Device Characterization
(Wiley, New York, 1990.

R. K. Ahrenkiel, B. M. Keyes, and D. L. LevRecombination Processes
in Polycrystalline Photovoltaic MateriaJsProceedings of the 13th Euro-
pean Photovoltaic Solar Energy Conf., Nice, 1986 S. Stephens, Bed-

—V,c curves. Both curves have a unity ideality factor from ford, 1995, p. 914.

0.3 to 5 suns illumination. The implied,. at one sun drops
from 686 mV after the initial phosphorus diffusion step to
622 mV after the aluminum diffusion on the rear of the wa-
fer. After the metal contacts were applied, the acWgal of

3G. Massetti, M. Severi, and S. Solmi, IEEE Trans. Electron DeVigi2s
30, 764 (1983.

4F. Dannhauser, Solid-State Electrds, 1371(1972.

5D. E. Kane and R. M. SwansoMeasurement of the Emitter Saturation
Current by a Contactless Photoconductivity Decay Metheaceedings

the device was found to be 620 mV, in excellent agreement of the 18th IEEE Photovoltaics Specialist Conference, Las Vegas, 1985
with the prediction from the quasi-steady-state photoconduc- (IEEE, New York, 1985 p. 578.

2512 Appl. Phys. Lett., Vol. 69, No. 17, 21 October 1996

R. A. Sinton and A. Cuevas

Downloaded 28 Jul 2012 to 114.70.10.202. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions



