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,4bstr-uct—The photo-induced complex permittivity Aer ( = Ac; – jAc~)
of single, cryslaf silicon, germanium, and teUnrhrm samples was studied
using a transmission microwave bridge metkf at frequencies of about 9

GHz. The measurements were made at temperatures in a range from 100
to 300 K over an opticaf wavelength range from about 0.6 to 1.4 pm for

silicon, 0.8 to 2.0 pm for germanium, and 1.5 to 4.2 pm for tellurium. The

incident monochromatic illumination was chopped at about 90 Hz, It was

found that the spectraf variation of Ac; was similar to that for A+ over the

wavelength ranges with the incident monochromatic light intensity in the

order of 100 pw/cm2. The spectraf pmk.s (for Si and Ge samples) of both

Ac: and ACY were found to shift towards shorter wavelengths as the
temperature was decreased. From the photo-induced complex permittivity
results, the coffision time of the free carriers was derived.

I. INTRODUCTION

P HOTOCONDUCTIVITY measurement of semicon-

ductors at microwave frequencies can provide useful

information about the materials. Such measurements do

not require electrical contacts for the passage of a current

through the stiple. Using a microwave resonator method,

Cherkasov and Ionov [1] have studied the photoconductiv-

ity of amorphous selenium films at a frequency of about 10

GHz. Ionov et al. [2] have reported the photoconductivity

results of organic dyes using the same method. Using a

microwave reflection method, the photoconductivity in ZnS

and CdS phosphors has been studied by Kalikstein et al.

[3]. Recently, Collier et al. have reported the photoconduc-

tivity of CdS at a frequency of about 8 GHz [4]. In these

measurements, the effect of incident light on the real part

of the complex perrnittivity (photodielectric effect [5]) had

not been considered. The measurements of the photodielec-

tric effect due to the photo-induced free carriers may be

used to determine the collision time and effective mass of

carriers in the semiconductors. It seems also to be capable

of providing a waveguide effect for submillimeter EM

waves [6]. An optical control phase shifter [7] and a high-

speed switch using picosecond photoconductivity [8] also

have been reported for microwave signals. However, a

Manuscript received January 5, 1983; revised August 23, 1983. This
work was supported in part by the Natnraf Scieoces and Engineering
Research Council of Canada.

L. Ding is with the Radio Engineering Department, Chongqing Univer-
sity, Chongqing, Sichuan, People’s Repubfic of China.

I. Shih, T. J. F. Pavlasek, and C. H. Champness are with the Depart-
ment of Etectricaf Engineering, McGill University, 3480 University St.,
Montreal, PQ, H3A 2A7, Canada.

practical experiment to observe the photodielectric and

photoconductive effect at microwave frequencies seems to

have been reported only once in the literature by Ionov [9].

In his study, the photoconductivity and the photodielectric

effects of a sample were measured by using a cavity

method at a frequency of about 10 GHz. In the present

work, a microwave technique to determine very small

changes of the photo-induced complex permittivity of

semiconductors has been investigated. Permittivity mea-

surements have been made on silicon, germanium, and

tellurium samples under monochromatic optical illumina-

tion.

The collision time of free carriers in single-crystal

germanium and tellurium samples has been studied previ-

ously by complex permittivity measurements at microwave

frequencies [10]–[12]. In such experiments, the complex

permittivity of the sample was measured over a tempera-

ture range. The carrier collision time can be derived from

the measured complex permittivity data provided the val-

ues of magnitude of the real permittivity component (c:i)

due to the lattice and the carrier concentration at a specific

temperature are known. For semiconductors containing

impurities and free carriers, it is often difficult to de-

termine the exact real permittivity value which is required

for the precise collision time determination. In the present

work, the photo-induced complex permittivity measure-

ments allow the collision time to be estimated from the

ratio of the real and imaginary photo-induced permittivity

values without knowing the absolute perrnittivity value.

II. THEORY

A schematic diagram of the microwave bridge system

used in the present study is shown in Fig. l(a). When the

microwave bridge is set from a balanced condition to an

unbalanced one by adjusting the precision attenuator and

phase shifter in the reference channel, the relation between

the electric field vector in the reference channel (E,) and

that in the sample channel (Es) is as follows:

E,= E, X 10-~120e-~4 (1)

where A is the attenuation change in decibels and @is the

phase change in radians in the reference channel. Now,

assume there is a small change in both the attenuation and
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The complex relative permittivity change of the sample

due to the external illumination can then be calculated

(b)

Fig. 1. (a) A schematic diagram of the microwave bridge system used
for measurements. Gen.: Varian VA-5080 Klystron, Phase shifter: HP
model 885A, Atten.: HP model 382A, Diode: KEMTRON IN23D,
Lock-in amp.: Princeton Applied Research model 124A, Monochroma-
tor: Beckman model 2400. (b) Sample holder waveguide with a‘ window’
for extemaf illumination.

phase shift of the EM wave in the sample channel due to

the ex temal illumination of the sample; then there will be a

corresponding change in the electric field vectors in the E-

and H-arm of the hybrid junction as shown in Fig. 2. From

Fig. 2,, the following equations which relate the change in

both the attenuation (AA,) and phase shift (A+f), due to

from the obtained AA, and Ar$~ by using a perturbation

method as described below.

For the partially filled waveguide shown in Fig. l(b), we

may obtain the following equation using the perturbation

method [14]:

j~~o~d’2~b(~r-l)EE8dxdY
‘-’0=(“Jb[

(5)
E$XH+Ex Ho*] Ucdxdy

where

E. =Eo(x, y)e-~”z

Ho =Ho(x, y)e-yoz

the external illumination to the resultant electric field are the unperturbed fields (with sample in the waveguide),
change in the E-arm ( AE,) and H-arm (AE~ ) can be and where

derived as follows [13]:

()
AE,

AA, = –2010g I+y
s

A+, = (2 X10-~ /20sin@)-l

[
o (l+lo-@”cos@)

.(I+1O-4’1’-2X1O

(dB)

1/2 AEe
‘t/’”coS@) --jj-

S

- (1- lo-@”cos@)(l +- lo-A/10

1/2 AEh
+2xlo-’4@cosrj) y 1 (rad)

s

where

E= E(x, y)e-y’

(2) H= H(x, y)e-yz

are the perturbed fields (with sample in the waveguide).

Here, E; and Ho* are the conjugates of the E. and Ho,

er = c; — jc~ is the complex relative permittivity of the

sample, and (” is the dielectric constant of free space.
Integrating (5), we can obtain the following equations:

(6)

(7)

(3) where A. is the EM wavelength in free space, and where

~O(=&~~) wraveguideindarkness,
phase constant of the empty

AE,——

[
~ (l+lo-A/1” -2xlo-”/’”cos+) 1/’~

E,, = 2 s

1/2 AEh
+ (l+lo-A/1” +2xlo-’4@cos@) y

s 1
and E, is the electric field magnitude in the sample chan- From (6) and (7), the relative permittivity change, both
nel. the real and imaginary part, of the sample can be expressed

(=0.115+)

attenuation constant of the

c1 partially filled waveguide in

the dark, -

(4)
P(=*+BO

)

phase constant of the partially

filled waveguide in the dark.
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as follows:

and

Aer = Ac; – jAc~. (lo)
For a nondegenerate semiconductor with a free-carrier

concentration n per unit volume, a classical permittivity

equation can be derived [10] assuming a constant collision

time (~) for all the carriers:

[

(JOT H (70
= c;~— ‘j

1
(11)

CO(1+Q%2) tico(l+#)

where tj, is the dielectric constant associated with the

carrier free sample, UO( = nep, p is the carrier mobility) is

the dc conductivity in the dark, and ~ is the angular

frequency of the EM wave. When the sample is il-

luminated, the de conductivity becomes UO+ Au. The incre-

ment in conductivity Ao will give rise to an illuminated

complex permittivity eri, which can be expressed as

c,, = (c;+ AC;)- j(t~+ A#) (12)

where

and

(13)

(14)

From (13) and (14), a simple expression to relate ~ to A~j

and Ac; can be obtained as follows:

– Ac;
~=— (15)

UAC; “

III. EXPERIMENTAL

A. Sample and Holder Preparation

Silicon and germanium samples for the measurements

were first cut from (111)-oriented single-crystal wafers

using a wheel saw and then chemically cleaned to remove

the contaminants on the surface. Two tellurium samples

were chemically cut from a Czochralski-grown single crystal

[15], [16]. The samples were then chemically polished to

obtain flat surfaces ((1010) plane) and finally cut into

square plates with a dimension of about 1 X 1 cm2. To

conduct the microwave measurements, a section of wave-

guide (sample holder) with a quartz (for wavelengths from

0.4 to 2 flm) or a Kodak IRTRAN 2 (for wavelengths from

1 to 5 pm) window was designed and fabricated to accept

the external illumination. The cleaned sample was placed

in the sample holder, with the large plane parallel to the

side wall of the waveguide for the measurements.

B. Microwave Measurements

The sample holder waveguide together with the inserted

sample was then introduced in the sample channel of the

bridge system shown in Fig. l(a). The complex relative

permittivity of the sample in the dark was first determined

by measuring the phase shift and attenuation of the propa-

gating EM wave due to the presence of the sample in the

waveguide [17]. The waveguide section with the sample in

it was then slowly cooled to about 100 K. To measure

AE,/E, and AEk /E,, a calibrated diode was used. During

the measurements, the bridge was first balanced by adjust-

ing the attenuator and phase shifter in the reference chan-

nel. The phase shifter was then adjusted to plus 900 for

AE~ /E, and subsequently to minus 900 for AE,/E, (see

Fig. l(a)).

The monochromatic light was obtained from a

tungsten–htiogen lamp (chopped at 86 Hz) with a

Beckman model 2400 monochromator for the wavelength

range between 0.4 and 2 pm and from a Nerst glower

source combined with a Perkin Elmer model 13 spectro,

photometer for the range from 1 to 5 pm. The light

intensity was measured using a calibrated silicon detector

for the range between 0.5 and 1.0 pm and an InSb detector

(Judson Infrared Inc.) for the range between 1 and 5 pm.

The electric field magnitude change due to the chopped

illumination was measured using a lock-in amplifier di-

rectly connected to the diode. The data obtained for both

AE~ /E$ and AE,/E~ was then used to calculate AA. and
A+. and thus Acj and Ac; using (2), (3), (9), and (10).

Typical values of AA, and A+, are 0.01 dB and 0.0150 for

silicon samples under the monochromatic illumination in-

tensity of about 100 pw/cm2.

In the present experiment, effects of the nonuniformity

of the excited carriers in the samples have not been con-

sidered. Therefore, the results calculated using the formulas

described in Section II should be regarded as “average” Ae~

and At ~ values, especially when the optical absorption

coefficient is large.

IV. RESULTS

The spectral variation of Ac;/E~ and Ac;/E~ with wave-

lengths between about 0.8 and 2.0 pm, measured at three

different temperatures, is shown in Figs. 3 and 4 for the

germanium sample No. 46. Here, Eq is the density of

photon flux incident on the sample. It is seen that with a

decrease of the temperature the maximum value of the

response increases (for both At~/E~ and AC;/E~) and the

peak values shift towards shorter wavelengths.

Results of Acj/E~ and Acf/E~ for the silicon sample No.

34 are shown in Figs. 5 and 6 over a wavelength range
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Fig. 3. Acj/E~ as a function of light wavelength for Ge.
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Fig. 4. A+/E~ as a function of light wavelength for Ge.
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Fig. 5. AC;/Eq as a function of light wavelength for Si.

between about 0.6 and 1.4 pm. As the temperature de-

creases, the maximum value of the response again increases

and the peak values shift slightly towards the shorter

wavelength.

The results for a tellurium sample at 100 K are shown in

Figs. 7 and 8 for E//c (here E is the electric field vector of

the EM wave). It is seen that the response values for E,//c

(El is the electric field vector of the polarized incident

light) are generally larger than those for E, L c (c is the

c-axis of tellurium crystal).

I Si I
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Fig. 6. Ac~/E~ as a function of light wavelength for Si.
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Fig. 7. ACj/Eq as a function of light wavelength for Te.
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Fig. 8. Ac~\E~ as a function of light wavelength for Te

The relative change of Ac;/Eqm and AC;/Eqm ( E~~ is the

photon flux density at the maximum intensity) for the

germanium sample at different temperatures is plotted

against the relative light intensity at a wavelength of 1.7
pm in Figs. 9 and 10, at a wavelength of 1.0 pm for the

silicon sample in Figs. 11 and 12, and Fig. 13 for the

tellurium sample at 3.6 pm. It is seen that the variation is

almost linear in the log–log scales for all cases.

From the value of Ac; and Ac;, the collision time ~ can

be calculated from (15). Such calculation was made for all

the three samples using the intensity variation results shown
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Fig. 11. Ac;/-E~~ as a function of @t intensitY for Si.

in Figs. 9–13. Average values obtained are listed in Table

I. malues for @ype silicon and germanium samples mea-

sured by the method of harmonic mixing of microwaves

[18] and for a tellurium sample by the temperature depen-

dent complex permittivity measurements [12] are also in-

cluded in the same table.

Fig. 12.
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TABLE I
COLLISIONTIME RESULTSDERIVED FROMTHS PHOTO-INDUCED

PERMITTIVrTTDATA

Sample Length Thickness Temperature optical” Reference
Ac; ~ ,-value

No. t d wavelength, ~

(cm) (cm) (:) A,(um) r (10-’’S,C) (lO-’’se.)

si-33+ 0.9s 0.10 130 “ 1.0 0.39 0.66 1.4 [1s1

Cc-46* 0.67 0.11 130 1.7 0.91 1.55 1.3 [1s]

Te-85** 1.0S 0.10 100 3.6 0.66 1.25 0.22 [12]

*Light intensity about 100 pw/cm2.
**E L C and E,//c.
t Boron doped, nominrd resistivity 2000. cm.
?t Indian doped, nominaf resistivity 24 Q. cm

V. DISCUSSION AND CONCLUSIONS

In the present work, it has been demonstrated that both

the photodieleetric and photoelectric effects can be ob-

served in silicon, germanium, and tellurium single-crystal

samples at temperatures in the range from 100 to 300 K

using a simple microwave bridge system. Such experiments

require determination of a phase shift change in the order

of 0.002° and an attenuation change in the order of 0.0005

dB (the estimated experimental error is about 30 percent in
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this extreme case) of the EM wave propagating through the

illuminated sample.

It should be emphasized that both the phase shift change

and the attenuation change (not the absolute phase and

attenuation) were measured under the modulated illuminat-

ion at about 90 Hz to obtain the photoconductive and

photodielectric effects. Accordingly, in the method used, a

slight disturbance in the environmental conditions will not

have a detrimental effect on the measured results. Further-

more, with absolute measurements, the existence of an

optical window in the waveguide wall would affect both

the unperturbed field (without sample) and the perturbed

one (with sample) and thus the directly measured complex

permittivity values. However, all the results measured are

the changes due to the illumination of the perturbed fields,

and, therefore, the effect of the optical window was not

considered in the present work.

For both germanium and silicon, the maximum of the

photo-response increases with the decrease of temperature.

The shift towards a shorter wavelength of the photore-

sponse peaks with the decreasing temperature is consistent

with the fact that the fundamental energy gaps for both

silicon and germanium decrease with the decrease of the

temperature~19]. The variation of the response with mono-

chromatic light intensity is almost linear in a log–log scale

for all the samples. It should be pointed out, because of the

influence of surface recombination velocity, carrier mobil-

ity, carrier life-time, and carrier concentration, that the

photoconductive and photodielectric maximum cannot be

identified precisely with the energy gap. This is possible

only with a proper knowledge of the actual parameters
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An Analysis of an Electronically Tunable
n-GaAs Distributed Oscillator

ASUO AISHIMA AND YOSHIFUMI FUKUSHIMA

Abstract—The effective Schottky-barrier height of a contact to n-GaAs

can be designed arbkmrily by interposing a thin, highly doped layer

between a metaf and n-GaAs and by controlling the thickness optimally. An
n-GaAs diode with a Schottky-barrier cathode exhibks various space-charge

modes depending on the barrier height. A travefing dipole domain mode in

an n-GaAs diode changes into a cathode trapped domain mode as the
injection current at the cathode decreases. It has been shown that an

n-GaAs diode, which operates in a cathode trapped domain mode, exhibits

a negative conductance over a fairly wide freqnency range. A super
wide-band electronically tunable distributed oscillator can he achieved by

inserting an n-GaAs diode with a suitably designed Schottky-bamier cathode
between resonant microstriplines in place of conventional dielectric
material. It has been shown that the frequency of the distributed oscillator

would be electronically tunable over a fairly wide frequency range from 9

to 26 GHz.

FJOMENCLATURE

Potential in the diode.

Electronic charge.

Permittivity.

Donor density in the active layer.

Donor density in the highly doped layer.

Length of the highly doped layer.

Length of the high-field layer in the active region.

Applied voltage.

Wave function of electron.

Effective mass of the electrons in n-GaAs.

Eigenvalue of energy.
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Current traversing from semiconductor to metal.

Current traversing from metal to semiconductor.

Work function in metal.

Barrier lowering due to image force.

Lattice temperature.

Fermi-Dirac distribution function in semiconduc-

tor.

Fermi-Dirac distribution function in metal.

Electric field at n+ –n interface.

Transmission coefficient of electron.

Potential difference between the Fermi level and

the bottom of conduction band in GaAs.

Effective Richardson constant.

Electron density.

Conduction current density.

Electric field.

Electron velocity.

Donor density.

Diffusion constant of electron.

Angular frequency.

Small signal electron density.

Small signal conduction current.

Small signal electric field.

O(x, u j Small signal electron velocity.

l?(x, o ) Small signal total current.

ji (x, u) Differential mobility.

a, ~, k Propagation constant.

1 Length of the high-field layer in the active region.

11 Length of the low-field layer in the active region.
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