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Observation of persistent photoconductivity in bulk gallium arsenide
and gallium phosphide samples at cryogenic temperatures
using the whispering gallery mode method
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Whispering gallery modes in bulk cylindrical gallium arsenide and gallium phosphide samples have
been examined both in darkness and under white light at cryogenics temperatures ⱕ50 K. In both
cases persistent photoconductivity was observed after initially exposing semiconductors to white
light from a halogen lamp. Photoconductance decay time constants for GaP and GaAs were
determined to be 0.900⫾ 0.081 and 1.098⫾ 0.063 ns, respectively, using this method. © 2008
American Institute of Physics. 关DOI: 10.1063/1.3033559兴
I. INTRODUCTION

Persistent photoconductivity is extensively described in
literature1–6 as resulting from hole creation in a semiconductor where the energy gap is smaller than the energy of the
illuminating light, thus freeing many new conduction electrons. Once the light source is extinguished, recombination
occurs.
There are two main theoretical models. One has the persistent photoconductivity resulting from the spatial separation of the photogenerated electrons and holes by macroscopic potential barriers due to band bending at planar
surfaces, interfaces, junctions, or around doping
inhomogeneities.2–4 This model has been extended with local
inhomogeneities from defect clusters.6 The second model has
atomic scale microscopic barriers at centers with large lattice
relaxation. AlGaAs/GaAs structures are described1 with centers where the empty defect level lies above the minimum of
the conduction band while the occupied level lies within the
band gap.
The main difference between microwave and dc techniques for the measurement of photoconductivity is associated with the electric field time-space distribution. In dc
methods, excess carriers are almost immediately removed
from the material under test due to the presence of the dc
electric field.7 At microwave frequencies, however, the electric field and the carrier concentration alternate so one can
observe recombination mechanisms in the volume of semiconductor, hence microwave techniques are superior. In order to obtain the highest measurement sensitivity, it is desirable to use measurement systems with the smallest energy
dissipation. From this point of view resonance techniques are
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much better than the microwave transmission-reflection techniques, e.g., the microwave photoconductivity decay
共-PCD兲 method.8,9
In this paper, we present the measurement of persistent
photoconductivity in the semiconductors GaAs and GaP at
cryogenic temperatures using the whispering gallery mode
共WGM兲 method. We observe the time evolution of the
Q-factor of chosen WGMs while the crystals are illuminated
with white light and after the light is extinguished.
II. MEASUREMENT TECHNIQUE

The WGM method has become the most accurate
method for measurements of the complex permittivity of extremely low-loss dielectric materials, both ceramic and crystalline. The method has been employed for very precise measurements of the permittivity and the dielectric losses of both
isotropic and uniaxial anisotropic materials.10–12 Very lowloss single-crystal materials including sapphire, ruby, titanium doped sapphire, yttrium aluminum garnet 共YAG兲, chromium doped YAG, calcium, magnesium and barium fluoride,
quartz, and others have been measured this way.13–22 The
WGM technique has also been used to characterize the complex permittivity of semiconductors, including bulk monocrystalline silicon,23 gallium arsenide 共GaAs兲, and gallium
phosphide 共GaP兲,24,25 at microwave frequencies from cryogenic temperatures to room temperature.
The most effective way to eliminate cavity conductor
losses in accurate dielectric permittivity and loss tangent
measurements is to use high-order WGMs in cylindrical
specimens of the material under test. In order to evaluate the
complex permittivity of an isotropic sample a cylinder of the
sample is loaded into a cylindrical copper cavity supported
by central copper posts, excited by coupling in microwave
energy via coaxial lines, and two WGMs are chosen that
exhibit quasi-TE and quasi-TM field structures. Then the per-
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mittivity is calculated by matching the computed resonance
frequencies with those measured. Finally from the permittivity resonance, frequencies for several other modes are computed and compared with the experiment to check the validity of the mode identification. For a more thorough
explanation of the method refer to Refs. 10–12.
Once the permittivity is found, the effective dielectric
loss tangent is evaluated from the WGM measured Q-factor
using
Q−1 = p tan ␦ +

RS
,
G

共1兲

where tan ␦ is the effective dielectric loss tangent of the crystal, p is the electric energy filling factor for the chosen
WGM in the sample under test 共the ratio of the electric energy stored in the sample to the electric energy stored in
whole resonator兲 defined as

p =

冕冕 冕
冕冕

r兩E兩2dV

Vd

共2兲

,

r共V兲兩E兩 dV
2

TABLE I. WGM data: GaAs at 41 K 共top兲 and GaP at 50 K 共bottom兲.
Frequency
共GHz兲

Q-factor

p

Label

12.502 347
13.546 221
14.606 873
15.680 292
16.763 338
17.853 708
18.949 572
20.049 624
21.153 240
22.259 175
23.366 946

7.18⫻ 105
7.33⫻ 105
8.57⫻ 105
9.07⫻ 105
9.79⫻ 105
9.99⫻ 105
1.10⫻ 106
1.00⫻ 106
9.00⫻ 105
7.95⫻ 105
6.00⫻ 105

0.963 23
0.970 97
0.975 28
0.979 89
0.983 74
0.985 27
0.985 77
0.986 83
0.988 45
0.990 23
0.991 77

N1 – 7
N1 – 8
N1 – 9
N1 – 10
N1 – 11
N1 – 12
N1 – 13
N1 – 14
N1 – 15
N1 – 16
N1 – 17

10.910 025
11.544 811
12.170 065
12.804 506
13.427 628
14.054 495
14.677 084
15.294 796

1.68⫻ 105
1.80⫻ 105

0.962 47
0.966 72
0.971 05
0.974 34
0.975 84
0.976 35
0.977 07
0.979 19

S1 – 11
S1 – 12
S1 – 13
S1 – 14
S1 – 15
S1 – 16
S1 – 17
S1 – 18

1.77⫻ 105

1.80⫻ 105

Vt

where Vt indicates the volume of the entire resonant structure and Vd the volume of the sample under test.
The last term in Eq. 共1兲 represents the conductor losses
in the metal cavity walls. The parameters RS and G are the
surface resistance of the cavity walls and the geometric factor. The latter may be evaluated from

G=

冕冕 冕
冕冕

0兩H兩2dV

Vt

,

共3兲

兩H兩dS

S

where 0 is the vacuum permeability, S is the internal surface area of the cavity,  is the angular frequency, and H is
the component of the magnetic field tangential to the internal
surface of the cavity.
If a WGM is chosen with a sufficiently high enough
frequency, the last term on the right-hand side of Eq. 共1兲 may
be neglected. Equation 共1兲 assumes that there are no paramagnetic impurities present in the sample.
In general, the complex permittivity of a semiconductor
is given by

冉

 = 0 r − jr⬙ − j

冊


= 0r共1 − j tan ␦兲,
0

共4兲

where 0 is the vacuum permittivity, r and r⬙ are the relative real and imaginary components of the permittivity of the
semiconductor, and  is its conductivity. In this case, the
effective dielectric loss tangent of the semiconductor is given
by
tan ␦ = tan ␦d +

0 + ⌬ 0 eff
⌬
=
+
,
  0 r
  0 r   0 r

共5兲

where tan ␦d is the dielectric loss tangent associated with
pure dielectric loss mechanisms 共e.g., electronic and ionic

polarization兲, 0 is the conductivity in the semiconductor in
darkness, and ⌬ is the excess conductivity associated with
free carriers generated by illumination from a light source.
For doped and intrinsic semiconductors having energy
gaps of order 1 eV or less, the dominant loss mechanism for
excitation frequencies as high as microwaves and at temperatures that exceed the activation energy of the dopants is related to the conductivity associated with free charge carriers.
For such materials, their dielectric loss tangent can be represented by the expression on the right-hand side of Eq. 共5兲.
The effective conductivity 0 eff includes dielectric losses.
Measurements were performed on cylindrical samples of
pure GaAs and GaP.24 The GaAs sample has a diameter of
25.39⫾ 0.01 mm and a height of 6.25⫾ 0.01 mm. The GaP
sample has a diameter of 48.12⫾ 0.03 mm and a height of
5.00⫾ 0.01 mm. These samples have been mechanically
polished on all surfaces. The internal dimensions of the cylindrical copper cavities used in WGM measurements are as
follows. The cavity used with GaAs sample has a diameter of
34.6 mm and a height of 25.8 mm. The cavity used with the
GaP sample has a diameter of 60.0 mm and a height of 43.0
mm.
The resonators were coupled to a vector network analyzer 共VNA兲 via coaxial cables. They were located in an
evacuated chamber and cooled on the cold-finger of a singlestage cryocooler. WGM families were identified at cryogenic
temperatures. The mode frequency, loaded Q-factor, and
couplings were calculated from the measured VNA
S-parameters and then the unloaded Q-factor was determined. Table I shows data for two mode families identified in
the different samples. For the following analyses only the
highest Q-factor modes in each sample were selected, where
the Q-factors are not limited by paramagnetic losses or the
cavity walls. They are at the limit of the dielectric loss tangent plus some contribution from 0 the conductivity in the
semiconductor in darkness.
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The modes have been labeled N共S兲X-m according to
Krupka13 where N or S, respectively, indicate whether the
magnetic field is antisymmetric or symmetric with respect to
the plane of the coupling loops. 共The coupling loops are
located at the midpoint on the cylindrical wall of the cavity,
on opposite sides.兲 The parameter X indicates the order of
increasing value of the frequency within a mode family and
m is the azimuthal mode number. The mode electric energy
filling factors were calculated using Eq. 共2兲. The values of
electric filling factors were calculated once the relative permittivity was known.

III. PHOTOCONDUCTIVITY

Each sample was illuminated with light that was conducted into the cryogenic resonator via optical fibers. The
energy gap for GaAs and GaP are 1.424 and 2.26 eV,
respectively.26,27 Therefore we expect threshold wavelengths
of the illuminating light, to excite photoconduction to be 871
nm 关infrared 共IR兲兴 and 549 nm 共green兲, respectively. A white
light source emitting about 10 mW of total light was used in
both cases. This source was quite hot and emits significant
IR.
Under white light the microwave losses in GaP reduced
the mode Q-factor by about 33%. In the GaAs the microwave losses were so significant that the mode almost disappeared completely 共from the VNA screen兲 when the light
was on. Figure 1 shows the time dependence of the microwave losses 关or Q−1 specified by Eq. 共1兲兴 of two N1 modes in
GaAs at 36 K, both initially in darkness and after illumination. The light remained on until the mode could no longer
be seen. After it was switched off the unloaded Q-factor for
the mode in question was recorded as a function of time.
In both modes the microwave losses do not return to the
values recorded before any illumination at all. Clearly the
losses remain indefinitely much higher. It follows from Eqs.
共1兲 and 共5兲 that

FIG. 2. Photoconductivity ⌬ at 50 K in GaAs at 18.949 GHz before the
light was switched on, then switched on for about 200 s, then after it was
switched off.

⌬ =

冉

冊

1
1
−
  0 r ,
p ⑀Q p ⑀Q 0

共6兲

where the microwave losses 共p⑀Q0兲−1 may be neglected
when the photoconductivity 共⌬兲 generated by the illumination process is such that Q−1 Ⰷ Q−1
0 . Here Q0 is the Q-factor
of the mode before any illumination at all.
A continuous data acquisition system was implemented
that would record both the loaded Q-factor and frequency of
the resonant mode on the VNA. Couplings were set sufficiently low that the loaded Q-factor is approximately equal
to the loaded Q-factor. With both GaAs and GaP samples the
white light source was switched on, data recorded and then
switched off and data again recorded. This is shown in Figs.
2 and 4.
From the data of Fig. 1, p and Q-factor from Table I for
the 18.949 GHz N1 – 13 mode in GaAs, the semiconductor
conductivity was calculated using Eq. 共6兲. The results are
shown in Fig. 2 at 50 K and in Fig. 3 at both 50 and 36 K, as
a function of time 共in seconds兲 on a logarithmic axis. From

Excess Conductivity, ∆σ [S/m]

FIG. 1. Log-linear plot of Q−1 of two N1 modes in GaAs measured at 36 K,
as a function of time after the illumination is turned off. The filled squares
共top兲 represent the 12.50 GHz N1 – 7 mode and the open circles 共bottom兲
represent the 18.949 GHz N1 – 13 mode. Error bars are ⫾5% of the measured data.
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FIG. 3. 共Color online兲 Photoconductivity ⌬ at both 50 K 共open circles—
bottom curve—same data as in Fig. 2兲 and 36 K 共solid circles—top curve兲,
in GaAs at 18.949 GHz. Error bars follow from the ⫾5% error on the Q
measurements.
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TABLE II. Conductivity data: GaAs 共top two rows兲 and GaP 共bottom row兲.
A
共S m−1兲

50
36
50

共1.71⫾ 0.04兲 ⫻ 10−3
共1.78⫾ 0.05兲 ⫻ 10−3
共8.08⫾ 0.74兲 ⫻ 10−5

共4.11⫾ 0.11兲 ⫻ 10−5
共4.11⫾ 0.15兲 ⫻ 10−5
共2.59⫾ 0.03兲 ⫻ 10−6

Fig. 2 it is seen that the photoconductance decays quickly at
first then experiences a lower rate of decay. It is possible that
the initial two points in Fig. 2 are due to thermal effects on
the sample as the light is switched off, but the frequency
response25 in both GaP and GaAs were independent of how
quickly we disconnected the fiber. Also we measured the
effect on both the frequency and Q-factor of a WG mode of
a similar type with a Q-factor of 106 in a single crystal sapphire at 50 K and saw no frequency shift nor change in
Q-factor under illumination or after it was turned off. Hence
we conclude that, at most, thermal effects due to the light
source are very small compared to the results shown here.
The data, as shown in Fig. 3, follow a natural logarithmic decay but eventually the excess conductivity becomes
constant at times above 3 ⫻ 105 s at 50 K and above 106 s at
36 K. Note the excess conductivity is greater at 36 K than at
50 K.
From the rectangular spatial Fermi distribution model of
Queisser and Theodorou2 关their Eq. 共11兲兴 the decaying photoconductivity can be expressed as
⌬共t兲 = ⌬0 − A ln关1 + 共t/0兲兴,

共7兲

where ⌬0 is the excess conductivity at t = 0 just when the
light is switched off, A ⬀ 21 aZ is a measure of the photoconductance lost within a time 0, a is the Bohr radius, and Z is
the density of hole-capturing traps in the material. This
model fits very well to the data of Fig. 2 up to t = 4 ⫻ 105 s.
For t ⬎ 4 ⫻ 105 the excess conductivity remains constant at
both 36 and 50 K in GaAs; the modeled curve falls below.
The best fit values, using the above model using the 50
K data, result in 0 = 共10.98⫾ 0.63兲 ⫻ 10−10 s, consistent with
luminescence experiments.2 Table II gives the resulting best
fit values for ⌬0 and A at the two temperatures measured.
The GaP sample was also temperature stabilized in the
cryostat at 50 K and the frequency and Q-factor of the
11.544 GHz S1 – 12 mode was continuously recorded before
and after the white light source was switched on then off.
Figure 4 shows the excess conductivity calculated using
Eq. 共6兲. The times of switching are indicated. In this case the
process was repeated a number of times and so prior to “light
ON” in Fig. 4 the sample was in the persistent current condition. In the GaP sample the persistent photoconductivity
was realized within about 3000 s of switching the light off,
see Fig. 4 between 7 ⫻ 103 and 1.1⫻ 104 s. In this plot, the
excess conductivity in darkness 共by definition兲 before any
light was switched on at all is zero.
The small apparent rise in photoconductivity in Fig. 4
before light ON is due to a frequency shift, which resulted
from the vacuum pump being recently turned on again. Other
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FIG. 4. The black dots are the smoothed data for ⌬ at 11.544 GHz derived
from the S1 – 12 mode in GaP measured at 50 K, as a function of time, both
before and after the illumination with white light source. The gray connected
dots are the measured data. The noise is due to the errors in the bandwidth
determination.

runs do not show this. However this data run shows best the
second order response system seen in both the mode bandwidth and frequency, here circled.25
In GaP we found that model 共7兲 also fits very well to the
data of Fig. 4, after the light was switched off. The result is
shown as the 共red兲 broken curve in Fig. 5 where the fit has
been applied to the measured 共gray兲 data points. Table II lists
the resulting best fit values for ⌬0 and A at 50 K. The best
fit decay time was found to be 0 = 共9.00⫾ 0.81兲 ⫻ 10−10 s in
this case.
IV. DISCUSSION AND CONCLUSION

WGM in bulk cylindrical gallium arsenide and gallium
phosphide samples have been examined both in darkness and
under white light at cryogenics temperatures. The semiconductors were temperature stabilized at temperatures ⱕ50 K.
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FIG. 5. 共Color online兲 Expanded section of data taken from Fig. 4. The
black dots are the smoothed data for ⌬ at 11.544 GHz derived from the
S1 – 12 mode in GaP measured at 50 K, after the light source was switched
off. The gray connected dots are the measured data. The 共red兲 broken curve
is fitted to the measured 共gray兲 data.
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In both cases persistent photoconductivity was observed after
initially exposing the samples to white light from a halogen
lamp. Also we observed the change in permittivity under
light and dark conditions, which is related to the polarization
state of the semiconductor. This has been reported
previously.25 To gather the data for the excess conductivity in
GaAs however has taken much longer than was necessary for
the analysis related to changes in permittivity under illumination.
It was observed that GaAs takes a very long time to
achieve constant conductivity, well above that observed in
darkness before photoelectrons are excited from the bulk.
The very long decay time of the excess conductivity agrees
very well with the rectangular spatial Fermi distribution
model of Queisser and Theodorou.2 GaP on the other hand
very quickly achieves persistent photoconductivity after the
illuminating light source is switched off. This also is well
above the conductivity in darkness before photoconductivity
is induced.
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