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Abstract.  Lifetime spectroscopy is a valuable tool for the characterization of photovoltaic
materials.  Measured lifetime values are inherently dependent on the defect and impurity densities
present in the material.  Injection-level and temperature dependencies of the recombination rate
further characterize the material and possibly provide information for the identification of specific
impurities.  Also, trapping levels may be determined by observing their temperature-dependent
thermal emission.  Measured examples include surface-passivated, float-zone silicon and high-
quality, undoped GaAs.  Excess-carrier-decay curves are recorded from 80 to 300 K using a
lifetime-measurement technique called ultrahigh frequency photoconductive decay.

INTRODUCTION

The minority-carrier lifetime is an important semiconductor device parameter.  It is
sensitive to impurities and defects that are present in the material (1); thus, its value correlates
to material quality.  In the case of photovoltaic devices, lifetime relates to efficiency.  While a
lifetime value can give an overall quality rating and defect concentration (2,3), specific
characteristics of the carrier decay can provide additional information.  The lifetime values at
various levels of excess-carrier density can provide ratios of minority- to majority-carrier
capture cross sections and be useful for identifying specific impurities (4).  The temperature
dependence of carrier recombination further characterizes the material.  First, capture-cross-
section temperature dependency can assist in identification of impurities (5-10).  Second,
trapping can be determined by temperature-dependent thermal emission of carriers.  Finally,
lifetime can be measured at operating temperature for low-temperature devices.

EXPERIMENT

The lifetime is measured using a contactless, transient-response technique known as
ultrahigh frequency photoconductive decay (UHFPCD) (11-14).  The sample is inductively
coupled to a small, three-turn, loop antenna that is 5 mm in diameter and driven by an
approximately 500-MHz sinusoidal source.  The antenna can be tuned to resonance by
adjusting a variable capacitor, frequency, and/or mutual coupling to the sample.  Without a
light source for creating excess carriers, the circuit’s zero signal corresponds to the sample’s
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dark conductivity.  Excess carriers are created using a 355-nm pumped optical parametric
oscillator that outputs laser light pulses of tunable wavelengths from ultraviolet to infrared.
For each laser pulse, changes in sample conductivity disrupt the circuit balance and give a
proportional voltage signal that is detected and recorded using an oscilloscope.  The carrier’s
mobility changes with temperature, and this affects the initial conductivity value, which is
represented as the initial signal value in units of volts.  Mobility may also change with carrier
concentration due to increased carrier-carrier scattering at higher carrier densities.  Excess
carrier values and the correlating carrier-carrier scattering are assumed to be small and are
neglected in the lifetime calculation.

To make temperature-dependent measurements, the sample is placed in a vacuum-
insulated Dewar, cooled using liquid nitrogen to 78 K, and allowed to warm to room
temperature.  The sensing coil is mounted at the end of semirigid coaxial cable and embedded
in electrically insulating plexiglass for mounting the sample.  A type-T thermocouple wire
runs along the coaxial cable, and the exposed junction is placed in contact with the sample.
Allowing the sample to warm from 78 K to room temperature takes approximately 2 hours,
but this time can be reduced by using heat-supplying resistors surrounding the sample mount.
Each captured lifetime measurement averages the decay curve for a few seconds, and the
sample remains at the recorded average temperature within a degree or two.

Data are presented from measurements of Si and GaAs.  The Si sample is a cleaved piece
from an n-type, float-zone wafer.  The laser wavelength is tuned to 1064 nm, which is
absorbed in silicon with absorption coefficients of !=10 cm-1 at 300 K and !=0.2 cm-1 at 77
K.  This weakly absorbed light promotes excess-carrier excitation throughout the thickness of
the sample.  The surfaces are passivated with a grown oxide that  reduces the surface
recombination velocity by more than six orders of magnitude (15).  The GaAs sample was
grown undoped, although a residual doping density of less than 1015 cm-3 does exist and
characterizes the 2-"m layer as n-type.  The samples are grown in a double heterojunction
structure where 300 Å Al0.6Ga0.4As layers provide surface passivation.  The GaAs sample was
grown under lower temperature processing conditions for more optimum undoped GaAs.  A
laser wavelength of 670 nm is used to create excess carriers in the GaAs.

RESULTS

The Si sample’s excess-carrier-decay curves for the series of temperatures between 78 K
and room temperature are plotted in Fig. 1. At 78 K, the decay rate corresponds to a minority-
carrier lifetime of 20 "S.  As the temperature increases, the decay rate decreases and
corresponding lifetimes are larger.  The low-injection lifetime at room temperature is 100 "S.
A high-injection regime becomes more defined.  The ratio of high-injection to low-injection
lifetimes relates to the capture cross sections for both carrier types.  This ratio can help identify
the dominant defects controlling recombination.  Temperature dependence can also provide
information about capture cross sections and possibly identify the impurities or defects present
in the material.

In order for the lifetime to increase with increasing temperature, the capture cross section
must correspondingly decrease.  For Coulomb capture, the capture cross section is calculated
to vary at T-n, with n being as large as 2 or 4 (16,17).  Polarizability of a neutral center can also
account for a cross section that increases with decreasing temperature (17).  These parameters
for capture cross section are included in a recombination model incorporating Shockley-Read-
Hall (SRH) recombination given in Eq. 1 (18,19).
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FIGURE 1.  Excess-carrier-decay experimental data of the Si sample for various temperatures.
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where # is excess-carrier density, no and po are equilibrium electron and hole densities, ni is
intrinsic density, )n and )p are electron and hole capture cross sections, vth is thermal velocity,
NT is recombination center density, and n1 and p1 are SRH-detailed balance terms.  The
number of defects and value of cross sections are unknown, but their product corresponds with
doping density and excess-carrier injection-level density.

A computer model incorporating SRH recombination of Eq. 1 calculates decay curves
shown in Fig. 2. The majority-electron capture cross section, )n, is roughly four
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FIGURE 2.  Modeling of Si sample excess-carrier decay using SRH recombination.
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times larger than the minority-hole capture cross section, )p.  These parameters are similar to
injection-level spectroscopy data reported on similar Si samples (20).  The temperature
dependence for the capture cross sections is modeled to vary as T-2, corresponding to a
Coulomb-attractive recombination center.

The GaAs sample’s measured excess-carrier-decay curves are plotted in Fig. 3.
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FIGURE 3.  Excess-carrier-decay experimental data of the GaAs sample for various temperatures.
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A high- and low-injection level can be seen similar to the Si sample.  However, unlike the
Si case, the GaAs lifetimes decrease rapidly with increasing temperature. The mid- to low-
injection regions are similarly modeled for GaAs as in the previous Si sample by using a mid-
gap SRH recombination center.  Also, there is an initial fast decay rate at the highest excess-
carrier concentration.  To account for this highest injection-level decay, radiative
recombination is added to the model of Eq. 1.  For GaAs, this factor reduces the excess
carriers according to Eqs. 2 and 3 (21).
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For lifetime to decrease with increasing temperature, the capture cross sections must
increase, which may be described by a Coulomb-repulsive model.  However, both the high-
and low-injection lifetimes decrease, and a recombination center cannot be Coulomb repulsive
for both electrons and holes.  Instead, this increased lifetime is modeled by adding a shallow
trapping center below the conduction band.  When an electron is captured in this trapping
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center, it is more likely to be re-emitted to the conduction band rather than the center capturing
a hole for recombination.  When traps are present, the experimentally observed
photoconductive-decay time can be longer than the carrier lifetime (22).  If the density of
trapped carriers is comparable to or larger than the density of free carriers, then the thermal
emission of the trapped carriers during the course of decay can prolong the decay time (22).
At near-liquid nitrogen temperatures, the Fermi level lies closer to the conduction band and
above the trap’s energy level.  Thus, the traps are mostly occupied at low temperature, making
their density comparable or even larger than the density of electrons in the conduction band.
Then, as temperature increases and the Fermi level moves further below the conduction band,
it passes below the trap level.  The traps empty, and they less effectively prolong the decay.
The modeled results are graphed in Fig. 4.
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FIGURE 4.  Modeling of GaAs sample excess-carrier-density decay.
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For the above results, a trapping level is introduced at 70 meV below the conduction band
with a density of 1014 cm-3.  The minority-carrier capture cross section is six times larger than
that for the majority carrier.  The product of their values with the number of SRH
recombination centers determines the lifetimes as mid- and low-injection.  The residual n-type
doping density is mid-1012 where there is a transition from SRH high- to low-injection
regimes.  The sharp increase in decay rate versus temperature corresponds to the Fermi level
passing through the trap energy level.

CONCLUSIONS

A contactless, UHFPCD lifetime measurement apparatus gives the capability to measure
temperature-dependent minority-carrier lifetime for a wide range of materials including, but
not limited to, Si and GaAs. Other materials such as InGaAs, InP, CdS, and HgCdTe have
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also been measured.  Such a technique can quickly and easily provide additional defect
characterization for a variety of semiconductor materials without requiring additional
processing steps for contacts or device construction.
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