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The previously discovered [ Pis’'ma Zh. Eksp. Teor. Fiz. 44, 234 (1986) ] photoresistive effect in
n-GaAs/Au tunnel junctions, which arises as a result of the laser-radiation pressure exerted on
the free-carrier plasma in the semiconductor in the presence of plasma reflection, was investigated
experimentally. Under these conditions the tunneling conductivity increases and the
photoresponse duplicates the form of the laser pulse with characteristic times <10~ ® sec.
Comparative analysis of the pulsed photoresponse at wavelengths of 10, 90, and 385 zm in

n-and p-GaAs tunnel junctions made it possible to prove that the presence of plasma reflection is
anecessary condition for the existence of the effect. The fast photoresistive response was
measured as a function of the bias voltage on the tunnel junction with different electron densities
[(2-4)-10"* cm ] in n-GaAs. It follows from this dependence, in particular, that the heating of
the electrons by the radiation can be eliminated. Formulas are derived for the response of a tunnel

junction due to deformation of the Schottky barrier by the ponderomotive force of the
electromagnetic wave. It is shown that the bias-voltage dependence of the photoresponse and
other characteristic features of the observed effect can be understood on the basis of this

theoretical model.

INTRODUCTION

A metal-semiconductor tunnel junction with a
Schottky barrier is a structure in which the form of potential
barrier and therefore the tunneling current depend signifi-
cantly on the profile of the self-consistent distribution of
electrons in the semiconductor."? Under ordinary condi-
tions this distribution is established by the electric field gen-
erated by charged impurities and surface states at the bound-
ary with the metal, and the equilibrium position of the
boundary of the electron gas corresponds to the balance of
forces acting on each element of volume of the electron plas-
ma due to the presence in the plasma of a gradient of the
electron pressure and of the electric field. When this balance
is disrupted by an external perturbation, the plasma bound-
ary is displaced and the shape of the potential barrier
changes. The change in the shape of the potential barrier can
be recorded from the change in the tunneling conductivity of
the junction. The external perturbation can be the radiation-
pressure force arising in the case of plasma reflection of light
from the electrons of the semiconductor. Together with the
change in the conductivity of the tunnel junction (photore-
sistive effect), there should also arise a nonstationary photo-
emf owing to charge transfer between the semiconductor
and the metallic electrodes, which accompanies the dis-
placement of the plasma boundary and is equivalent to a
change in the capacitance of the depletion layer.

The effect described above was predicted in Ref. 3, and
the observation of the photoresistive effect in #-GaAs/Au
tunnel junctions under the action of radiation in the region
of the plasma reflection at the wavelength 4 = 90.55 pm,
which was greater than the wavelength A, corresponding to
the plasma minimum in the reflection spectrum of n-GaAs,
was reported in Ref. 4.
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The present work is devoted to an experimental investi-
gation and analysis of the observed photoeffect as well as to
qualitative experiments confirming the photoresponse
mechanism under study. The samples and experimental pro-
cedure are described in Sec. 1. In Sec. 2 the possible mecha-
nisms leading to the appearance of the photoresistive effect
in metal-semiconductor tunnel junctions are discussed and
qualitative experiments confirming that the observed photo-
signal is related to deformation of the self-consistent
Schottky barrier accompanying plasma reflection of the in-
cident radiation are described. The results of an experimen-
tal investigation of the photoeffect in n-GaAs/Au junctions
under the conditions of plasma reflection are presented in
Sec. 3. In Sec. 4 the basic elements of the theoretical analysis
of the photoresistive effect in a model of a radiation-pres-
sure-deformed self-consistent Schottky barrier are present-
ed and a theoretical estimate of the response is given. In Sec.
5 the experimental data on the effect of the carrier density
and wavelength of the incident radiation on the photoresis-
tive effect and the experimental data on the dependences of
the photoresponse on the bias voltage on the junction and the
radiation intensity are compared with the theory.

1.SAMPLES AND EXPERIMENTAL PROCEDURE

We investigated GaAs/Au tunnel junctions prepared
by vacuum (=~ 10~ ' mm Hg) sputtering of metal on clean
n- and p-GaAs substrate surfaces. Prior to sputtering the
surface of the substrates was cleaned by heating at 550 °C
and checked using Auger spectra.” The impurity concentra-
tion in GaAs was varied in the range (1-7)-10"® cm 3. As
should happen at such free-carrier densities, a pronounced
plasma minimum was observed in the reflection spectra of n-
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TABLE 1. Parameters of substrates for GaAs/Au tunnel junctions.

Impurity
Sample Type Of. . concentration, A,y pm
conductivity 10'® em =3
3094 n 18 20
I'M-1 n 2,2 -
180,5 n 3,7 16,5
1446 n 7.0 15
K-1-18 P 1,0 -*
4031 P 6,0 i

*The reflection spectrum was not measured.
**The plasma minimum was not present in the reflection spectrum.

GaAs substrates, while the spectra of p-GaAs did not have a
plasma minimum. Table I gives the Hall data on the impuri-
ty concentrations and the experimental values of A4, for the
samples studied. The samples were ~10X 10 mm? GaAs
wafers ~1 mm thick. An ohmic and a gold electrode were
placed on opposite sides of the substrate (see Fig. 1). The
semitransparent gold electrode was <200 A thick and 1 or
0.25 mm in diameter (as a rule, three to five tunnel junctions
were prepared on a single substrate). The measurements of
the tunneling spectra (performed at liquid-helium tempera-
tures) of the junctions prepared showed that tunneling
charge transfer between GaAs and Au occurs in the sam-
ples.?

Discrete laser lines in the range 4 ~10-400 um were
utilized in order to realize in the same n-GaAs sample the
conditions of presence of absence of plasma reflection in the
investigations of the photoresponse. The radiation source in
the region A > A, was an optically pumped, pulsed, submilli-
meter NH; and D,O vapor laser (pulse width 7, ~40 ns,
A =90.55and 385 um);’ in the region A <4, (1 =9.2-10.8
pm) a Q-switched CO, laser (7, =500 ns) and a TEA-CO,-
laser (7, ~ 100 ns) were used as the radiation sources. In the
measurements of the photoresponse the shape and intensity
of the laser pulse in both ranges were checked with the help
of fast detectors based on the photon drag effect.’

The photo-emf and photoconductivity of GaAs/Au
tunnel structures were studied at 300 and 78 K. The measur-
ing channel had a time resolution of ~7 ns. The radiation
was directed from the side of the semitransparent gold elec-
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FIG. 1. Setup for measuring the photoresponse of GaAs/Au tunnel junc-
tions to pulsed laser radiation.

Jo
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trode along the normal to the surface of the sample, which
was inserted into the photoconductivity-measuring circuit
(see Fig. 1). In this scheme the change Ao in the conductiv-
ity o = I/V of the tunnel junction during the action of the
laser pulse results in a change AV, in the voltage ¥, on the
load resistor R, . Since the experimental junctions have non-
linear current-voltage and capacitance-voltage characteris-
tics, a special analysis was required in order to determine
from the measured pulsed signal AV, the quantity
A0/0| y _ const » Of interest to us, at a specified voltage V. This
problem is solved in Appendix 1 in the linear approximation
for the case Ao/o0 < 1.

2. DETERMINATION OF THE PHYSICAL NATURE OF THE
PHOTORESPONSE. QUALITATIVE EXPERIMENTS

As we have already mentioned in the Introduction, the
fast photoresistive effect occurring when n-GaAs/Au tunnel
junctions are exposed to far-IR radiation was discovered in
Ref. 4. The junction conductivity can be changed under
these conditions by several possible mechanisms. We first
discuss the change induced in the shape of the barrier by the
light pressure. A necessary condition for this mechanism to
appear is plasma reflection of the incident radiation in the
region of formation of a self-consistent barrier. This leads to
the appearance of a force acting on the free-carrier plasma in
a direction perpendicular to the junction plane. The elec-
trons are redistributed in space in this process in a time of the
order of the inverse plasma frequency w, ' of the semicon-
ductor (for n-GaAsw, ' =5-107'° sec for the electron den-
sities employed), and a photoresponse should appear for any
polarity of the bias voltage.

The conductivity of the tunnel junction can also change
as a result of transfer of radiation energy to the electrons and
the lattice upon absorption by free carriers, and as a result
the temperature of the entire junction (or only of the elec-
trons in the semiconductor) changes. The kinetics of this
process, in contrast to the previously discussed mechanism
in the case of lattice heating, should be determined by the
time within which the temperature of the illuminated region
is established by heat conduction. In our case this time
should be of the order of 7, =107 %~10~2 sec,® while in the
case when the electrons are heated the kinetics of the process
is determined by the electron energy relaxation time
(7, =107 "'-10~"? sec).’ For lattice heating, a photosignal
should appear for any polarity of the bias voltage on the
junction. For electron heating, the photoresponse Ao/o
should be significant only at positive bias V>0 and should
drop off rapidly for ¥ <0, when the carriers tunnel from the
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metal electrode into the semiconductor and the dependence
of the junction conductivity on the electron temperature in
the semiconductor becomes much weaker, since Ao/o
<exp (eV/E,) for V<0 (see Appendix 2). According to
these estimates, in the case of n-GaAs/Au with N = 2-10'8
cm~? the quantity Ag/o with ¥ = — 300 mV should be
exp(10) times smaller than with V>O0.

Thus is can be expected that by using in the experiment
narrow radiation pulses with width 7, < 7, it will be possi-
ble to separate the lattice heating mechanism from electronic
processes. The change in o with heating of the electrons
should differ from the response due to barrier deformation
under radiation pressure by the dependence on the bias vol-
tage in the region ¥V <O.

The experiments showed that the fast photoresponse,
duplicating the shape of the laser pulse with 7~ 40 nsec, was
observed only in structures based on #-GaAs under the ac-
tion of radiation with A >4, (4= 90.55 and 385 um) for
both polarities of the bias voltage, i.e., when plasma reflec-
tion occurred. In all other cases, i.e., in the case of n-GaAs
withA <4, (4 = 9.2-10.8 um) or for tunnel junctions based
on p-GaAs, for which plasma reflection did not occur, only a
slow response with 7> 7, was observed at all wavelengths.

We note that the fast photoresponse was observed only
under conditions when a region of n-GaAs bounded by the
area of the gold electrode (see Fig. 2) was irradiated, and the
fact that the existence of a fast response for A >4, is not
related with the illumination of the boundary of the gold
electrode was specially checked. It follows from these data
that the fast response exists only under conditions of plasma
reflection in the region of the tunnel junction. The fact that
the fast response is not related to lattice heating follows from
its kinetics, since 7« 7,,. Electron heating can also be ex-
cluded, since the observed photosignal has a significant
strength for ¥ < 0, when the electrons tunnel from the metal
into the semiconductor. For example, the experimentally
observed decrease of the signal when the bias voltage
changes from ¥=0to — 300 mV is by a factor of ~5, while

1
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FIG. 2. Amplitude of the photoresistive response, normalized to its maxi-
mum value, as a function of the coordinate x of the position of the center of
a focused 0.7 mm in diameter Gaussian beam relative to the center of the
gold electrode (diameter 1 mm). n-GaAs/Au sample with N =2-10"®
cm™% A =90.55 um.
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according to the formulas of Appendix 2, in the case when
the electrons are heated it should be equal to =~2-10*.

Thus the data presented make it possible to exclude
heating effects and associate the observed fast response to
deformation of the self-consistent Schottky barrier accom-
panying transfer of the radiation momentum to the electron
plasma.

3.CHARACTERISTICS OF THE PHOTORESISTIVE EFFECT

As we have already mentioned, a photoresistive re-
sponse in n-GaAs/Au junctions is observed in the case of
plasma reflection of light with A > 4 ,. The sign of the photo-
response corresponds to an increase in the tunneling conduc-
tivity of the junction under the action of the radiation. This
does not fit into the simple picture in which the light pressure
displaces the electron plasma of the semiconductor away
from the surface. We measured the dependence of the pho-
toresistive effect on the bias voltage and we also studied the
effect of the impurity concentration, the temperature, and
the wavelength and intensity of the light on the effect. The
dependence of AV, on the bias voltage ¥ was measured at
relatively low radiation intensities (~40 kW/cm?), when
there was no nonstationary photo-emf signal with V=0
(see below). We investigated n-GaAs/Au junctions with
donor concentration N = (2-3.7)-10'"® cm ™ at tempera-
tures 78 and 300 K and laser-radiation wavelengths 90.55
and 385 um. The measured values of AV, were converted to
Aog/Ty _ ons according to the formula

Ao _ AV,
g vV =const V. (1+RL/rd)

[see Eq. (A1.8) from Appendix 1].

The dependence of the relative response on the bias vol-
tage V, in the fixed-voltage regime for a sample with
N=2-10" and 3.7-10"® cm™3 at T=300 K and with
A =90.55 um is presented in Fig. 3. One can see that in the
region ¥ <0 the quantity Ao/o, _ .. decreases as |V | in-
creases, and for positive biases this quantity remains virtual-
ly constant. The character of the dependences of Ag/o on V
and the strength of the response do not change significantly
as the temperature decreases and the wavelength increases.

Measurements of the amplitude of the photoconductiv-
ity signal as a function of the intensity J (<2 MW/cm?) of
laser radiation with A = 90.55 pm showed that the ampli-
tude of the signal increases somewhat more rapidly than the
first power of the intensity. The characteristic curve of
Ao/, _ .ons Versus J was not determined, because the fact
that Ao/ increases up to values of the order of unity with
increasing intensity makes the linear relation, which we em-
ployed, between Ao/c and the measured signal AV, inappli-
cable, while our measurement scheme made it impossible to
fix the bias voltage V' during the pulse because of the low
resistance of the tunnel junctions.

Besides the photoconductivity, a nonstationary sign-al-
ternating photo-emf was also observed. Its observation was
possible with zero bias or small values of ¥, when the photo-
conductivity signal is weak. Characteristic oscillograms are
presented in Figs. 4b—d. One can see that there is a great
diversity of shapes of the signal observed in the region V' =0.
A possible explanation of this phenomenon is the combined
effect, studied in the Appendix 1, of the change in the charge
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‘d6/¢ 3, KW~ l.cm?

FIG. 3. Ao/oJ in the fixed-voltage regime as a function of
the bias voltage ¥ on the n-GaAs/Au junction at 7 = 300
K for 4 =90.55 ym; N=2-10" cm~* (O) and
N =3.7-10""cm~* (@). Solid lines—calculation of Ao/
as a function of ¥V for the photoresistive effect under con-
ditions of plasma reflection using the formula (4.7). Pa-
rameters used in the calculation: &, =0.9eV, T = 300K,
N=2-10" cm™? (curve /), and 3.7-10" cm™* (curve
2). In constructing the plots both theoretical curves were
multiplied by 60. Dashed line—the response (in arbitrary
units) for the case when the semiconductor electrons are
heated by the incident radiation, as calculated according
to Eq. (A2.8).
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of the depletion layer and the tunneling conductivity under
the action of the radiation on the form of the response. In
order to check this proposition, we approximated the shape
of the laser pulse as follows (see Fig. 4a’):

1—exp(—t/1,)

g, o=<i<t,
J(t)= 1—exp(—to/Ty)
Joexpl—(t—t,)/v,], t=t, ?

and we employed Eq. (A1.6) to obtain the form of the re-
sponse for small biases on the junction. Figures 4b'~d’ show

200.ns
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FIG. 4. Pulsed photoresponse under conditions of plasma reflection (n-
GaAs/Ausample, A = 90.55 um) for bias voltage on the tunnel junction
V=0 (a—d, experiment; a'-d’, calculations). a) Shape of the radiation
pulse, measured with the help of a photodetector based on photon drag of
electrons;® b—d) experimentally observed oscillograms of photosignals
from the sample with ¥ = 0; a’) shape of the pulse J(¢) employed in the
calculation (see text); b’~d’) model calculation of the response of the J-
dependent nonlinear resistor and capacitor connected in parallel to a weak
perturbation J(#) (see text) with bias voltages on the nonlinear element
U=0,0.5and — 0.5 mV, respectively. The parameters employed in the
calculation are: ®, =09eV,C, =3-107°®, R, =50Q,R=r, = 100

Q, (1/0) (30/8J) = 1-107*kW~'-cm?, (1/Q)(3Q/d]) = — 1.4-1078
kW~ '-cm?

<]
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the computed form of the response for bias voltages on the
junction V= 0,0.5,and — 0.5 mV, respectively. The experi-
mentally determined values of the parameters C,, V', R, r,,

and
1 90 Ao 1
o al o I°

were utilized in the calculation. The value of the parameter
(1/Q) (8Q /3J) was adjusted to obtain the best description
of the observed pulse shape and was equal to ~ — 1.5-107%
kW~ !-cm?® One can see from Fig. 4 that the shape of the
pulses which were observed in the experiment in the absence
of a prescribed bias is in good agreement with the curves
calculated in the presence of a small bias. From this it fol-
lows that the diversity of pulse shapes observed in the experi-
ment in the absence of bias could be related to the presence of
random potentials of small amplitude and different polarity,
caused, for example, by rectification of the electric interfez-
ence, thermal relaxation, etc., on the junction during the
action of the light pulse. Since the constant bias on the junc-
tion during the period of action of the laser pulse was mea-
sured with an accuracy of =~ 1 mV, the available experimen-
tal data are consistent with the proposed explanation of the
diversity of pulse shapes at zero bias.

For large biases |V'|> 100 mV the computed shape of
the response is identical to the shape of the laser pulse, as in
the experiment.

Thus the phenomenological theory proposed in Appen-
dix 1 for the response of a tunnel junction to laser radiation
made it possible not only to derive formulas for quantitative
analysis of measurements, but also to explain qualitatively
the experimentally observed large spread in the shape and
strength of the response with zero bias.

4. THEORETICAL CALCULATION OF THE RESPONSE IN THE
MODEL OF DEFORMATION OF A SELF-CONSISTENT
SCHOTTKY BARRIER BY RADIATION PRESSURE

We now present, following Ref. 10, the basic elements
of the theoretical analysis of the photoresistive effect in the
model of a radiation-pressure-deformed self-consistent
Schottky barrier. Let a degenerate electron gas (see Fig. 5)
occupy the half-space x < 0 to the left of the semiconductor-
metal boundary. The point x,, determined by the condition
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FIG. 5. Schematic diagram of the scalar potential in the depletion layer of
atunnel junction with a Schottky barrier. The solid line corresponds to the
case of no radiation; x, is the distance from the boundary of the plasma to
the surface of the semiconductor. The dashed line corresponds to the case
when plasma reflection of the radiation occurs; x# is the new position of
the boundary of the degenerate plasma and corresponds to an increase in
the tunneling conductivity under the action of the radiation.

®(x,) = p, where ®(x) is the potential energy of an elec-
tron and p is the Fermi energy, is the equilibrium position of
the boundary of the electron gas, corresponding to the bal-
ance of forces acting on each element of the volume of the
electron plasma. If an electromagnetic plane wave, whose
frequency o is much smaller than the plasma frequency o,
of the electrons, is incident on the electron gas from the
right, then reflection of radiation is accompanied by transfer
of momentum to the electronic subsystem. This should re-
sult in the appearance of an additional force acting on the
plasma, which in turn is accompanied by displacement of the
equilibrium position and perturbation of the shape of the
plasma boundary. As a result, the shape of the potential bar-
rier changes and correspondingly the resistance of the tunnel
junction should change.

In order to find this change, we consider the condition
of equilibrium of the plasma in a static electric field of the
depletion layer, taking into account the pressure of the elec-
tron gas and of the radiation incident in a direction normal to
the surface. Neglecting scattering of electrons (under the
conditions of the experiment the frequency o is quite high)
the decay depth of the alternating field in the semiconductor
under conditions of plasma reflection is determined by the
screening of the vector potential of the wave by the induced
current (skin effect) and is equalto L, = c¢*/w,,. Itis signifi-
cantly greater than the characteristic length of the depletion
layer

L= (x®,/2nNe*)"=v,/w,,

and all the more than the characteristic Thomas—Fermi lin-
ear-screening length for the longitudinal field

l'rp= (xﬂ/SnNez) .”33”’017/(0; s

499 Sov. Phys. JETP 75 (3), September 1992

where x is the lattice permittivity of the semiconductor, NV is
the concentration of ionized impurities, v is the Fermi ve-
locity of free carriers in the semiconductor, v, is the velocity
of an electron with energy ¢, = ®, + 1 (see Fig. 5), and
c* = ¢/x'/?is the velocity of light in the semiconductor. For
N=2-10" cm™> we have £ ~80 meV, Ur =5-10" cm/sec,
% = 12.5, and, setting @, = 1 eV, we obtain

L, [ 4 LJ_ _ c
L v O, " L 3%,

Therefore it can be assumed that the amplitude of the
electric field E, of the wave in the depletion region is con-
stant and that in the bulk of the semiconductor E,—0 as
X— — 0.

We obtain the condition of equilibrium of the electron
plasma from the hydrodynamic equation of momentum bal-
ance for electrons:"'

= 100.

d
mn 22 — —-Vp—neE—n—i—[“H]"mn:—- (4.1

dt
Here H is the magnetic field of the wave, m is the effective
mass, n(x) is the density, p(x) is the pressure, u(x,t) is the
drift velocity, and 7 is the momentum relaxation time of the
electrons. We utilize the fact that the expression for the den-
sity of the force F,,, (r,t), exerted by the electromagnetic
field on charges with density p(r,?) and currents with den-
sity j(r,z), can be represented as a divergence of the Maxwell
stress tensor T (r,t):"?
1 . ar,,
Fem,i(rqt)EpEi(r-t)+'g—[]H(r-t)]iE“F . (4.2)

R
Here we dropped the term

®x 0
4nic ot

[EH],

which under our conditions is (w/w,)(L,/C*r;) =107°
times smaller than the term retained (for radiation pulse
widths 7, > 1 nsec, L, =~0.5 um and w/w,<1/4).

Settingp = e[N — n(x)] andj = — enu and using Eq.
(4.2), the right-hand side of Eq. (4.1) can be put into the
form

mnﬂ=F(z, t)y— mn—'—l—, (4.3a)
dt T
where
. dT(h
F(x,t)y=—V,p—eNE, + ——. (4.3b)
dz,

Setting now
E(z, t)=E, (z)+E,(z)cos(ot), H(z, t)=—H, (z)sin (wt)

and averaging Eq. (4.3a) over the period of the high-fre-
quency field, we obtain the condition of equilibrium of a
collisionless plasma in the form F, = 0 (the overbar indi-
cates time-averaging). Integrating this equality from — oo
up to the point x in the depletion layer (x,<x<0) we find
that the total force acting on the plasma is equal to zero:

p(—*)=NO® (z)+Tx=(z) =0. (4.4)
Here we took into account the fact that p(x) =T, ( — )
=0and — eE,(x) = — d®/dx, where P(x) = — ep(x)

is the potential energy of an electron in the electrostatic po-
tential ¢ (x). Since for the geometry chosen (E,||0y, H,||0z)
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=~ 1 , % |
TXX<I)=87(XE“- - ?'EI'- _2_ lH"Z) )]

and the amplitude H, of the magnetic field, decaying as
exp(kx) with k = (w/c) [x(w)/0® — 1) ] '/2 into the plas-
ma, can be expressed with the help of the first Maxwell equa-
tion
1 oH
rot £ = — —c—'—a—t—

in terms of E| by the relation
H,=[x(0,’/0*-1)]"E,,
we obtain

_ % % Op
Tn($)=—8§ES(2($)_Zg;- (1:;

[E (o) |*

It should be noted that in order to obtain the last formu-
la we utilized the relation between the amplitudes H, and E|,
valid in the region where the field decays exponentially into
the plasma. However, since the transverse components of
the electromagnetic field are continuous and the thickness L
of the depletion layer is small compared with the character-
istic scales over which the radiation field alters L, and 4 /
%'/2, this expression can be continued into the depletion lay-
er; this, by the way, is also confirmed directly in the approxi-
mation of a sharp plasma boundary.

An equation for the static field £, in the depletion layer
in the presence of an electromagnetic wave can be derived
from Eq. (4.4):

* . 2 % ®p

—SEE;: () =NO (z) -5_Np e
It is convenient to rewrite the balance equation (4.5a) by
introducing the dimensionless energy w = ®/u and length
&=x/l,, wherel = (vp/w,)/2. We have

2
(22) =@ =wie)- = +22
dg 5 B
where u = ¢*|E,|*/4mcw? is the high-frequency potential.''

In order to understand the consequences of the change
in the field £, in the Schottky barrier owing to the action of
the radiation pressure, we examine the expression for the
tunneling current®

|E,(zo) |*.(4.52)

(4.5b)

I« jdE[j(E)—f(E+V) ]exp[ - ﬂ%"ﬁj dx((D(z)—E)"°].

Here x is the turning point of the trajectory of an electron
incident with energy E on the barrier. We denote the argu-
ment of the exponential by — G and transform it by switch-
ing to dimensionless variables and using Eq. (4.5b):

0

29 [
=em) ‘ dr(®(x)—E)

Xr

G(e.w.u)=

I

L)
2(2m)" (O—E)*t

kalxydu’(;-_ﬁﬁ;/f;) /'- (4.6)

In Eq. (4.6) k. is the Fermi wave vector and e=E /u. The
last expression in Eq. (4.6) is written for the energy range of
e>1.
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The change occurring in the current / when the tunnel
junctionisirradiated is related to the change in the argument
of the exponential §G = G(&,w,u) — G(&,w,0):

Al = SdE [f(E)—f(E+eV)]lexp[— (G+8G) ]— exp(—G) ],

0

so that in the approximation linear in §G the relative re-
sponse can be written as

§ 4E 66 (1(E)—j(E+eV) e

Al | _ Ao _
I V=cun v-— (9 V=rnns:_ *
‘. dE (F(E)—i(E=eV))e-¢
4.7)
whereoc=1/V.

In order to make an analytical estimate we utilize the
fact that at low temperatures the tunneling integrals are de-
termined mainly by the values of the integrands at the energy
of the highest filled state. For this reason, the function
6G(E), which is not an exponential function of the energy,
can be taken outside the integral sign in Eq. (4.7) at

P _{ . V>0
" Up—eV. V<0 -

If it is assumed that in the presence of radiation the
surface barrier ®; for electrons in the metal remains con-
stant, then at a constant bias voltage V' the barrier height ®,
= @  + u — eVremains constant. Then, since the high-fre-
quency potential remains virtually constant in the region of
the depletion layer (L, > L), we obtain from Eq. (4.6) an
estimate of the change G of the barrier transparency in the
linear approximation in u:

wp

u w—g)™
8G (Emas) = —ksl, —Jdu,z(;_—f/)T (4.8)
After integrating in Eq. (4.8) we find
i_" 06 (enar) Skl (). (4.9)
where ‘ o "
o= S () o

We now estimate the order of magnitude of the relative
response Ao/, normalized to the intensity of the incident
wave J. The relation between the high-frequency potential u
at the boundary of the semiconductor plasma and the inten-
sity J of the incident wave is found by solving the linear
electrodynamic problem (for o < p):

|E..|? 1 7

u= = —
N ¢ °

1
N 4m
where E,, is the amplitude of the electric field of the incident
wave.

Calculating ¢(¢,,,, ) in Eq. (4.10) with ¢,,,, = 1, we
find for the case of n-GaAs/Auand N =2-10"® cm—3

Ac m" cm?
29 % 0,7 2 N-%x5.10-°
ol 0.7 ehc’ 5 kW
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The obtained response is approximately 20 times
weaker than the experimentally measured response. As
shown in Ref. 13, the function ¢(¢,,,, ) conveys the basic
qualitative singularities of the dependence of the response on
the bias voltage V. However, in order to determine more
accurately the 7and N dependence of Ag/o which follow
from the theoretical model examined above, we performed a
numerical calculation of Ao/o as a function of ¥ according
to the formula (4.7). The results of this calculation are also
presented in Fig. 3. The nonparabolicity of the dispersion
law of the electrons was taken into account in the two-band
approximation. This is achieved by modifying appropriately
the formula (4.6) (Ref. 2). In calculating the integrals in
Eq. (4.7) the lower limit of integration over £ was deter-
mined by the condition £>u in order to exclude the contri-
bution to the tunneling current from states lying below the
Fermi level of the electrons in the semiconductor (see Fig.
5), where the problem of the perturbation of the barrier by
the field of the radiation is more complicated and was not
solved. We note also that the calculation for temperatures
~ 50K and below gives results which are practically identi-
cal to the analytical expression (4.9) for Ao/o.

5. DISCUSSION OF RESULTS AND CONCLUSIONS

The following qualitative singularities of the response
follow from the theoretical expression for the response
(4.9), derived in the model of deformation of the Schottky
barrier by the radiation pressure: 1) the transparency of the
barrier should increase under the action of the radiation,
since in the formula (4.9) ¢ > O for the physically admissible
values of the parameters; 2) the magnitude of the response
does not depend on the frequency of the radiation (if
o <®,);3) the relative response depends weakly on the free-
carrier density N, approximately as 1/N */2. All these results
are in agreement with the measurements. The computa-
tional result obtained for the response Ao/o as a function of
the bias ¥ from the expression (4.7) in the model of a de-
formed Schottky barrier is shown in Fig. 3 (solid lines). One
can see that the agreement with experiment here is much
better than in the case of the calculation of the response as a
function of the bias voltage according to the formulas
(A2.8) with the electronic heating mechanism (dashed
line).

It is helpful to shed more light on why the transparency
of the tunneling barrier increases in the presence of radiation
pressure, pushing the plasma of free carriers away from the
surface. The point is that the force acting on an element of
volume of the plasma is not a simple sum of the forces exert-
ed by the external magnetic field on each electron. It in-
cludes also the interaction of the electrons through the self-
consistent field. The existence of the plasma reflection is
itself due to this interaction. For this reason, one can expect
that although the radiation-pressure force acts on the entire
carrier plasma as a whole in the direction away from the
illuminated surface of the semiconductor, separate parts of
the transitional layer of the plasma, where the electron den-
sity drops from the value in the bulk to zero, can move in the
opposite direction, giving rise to deformation of the
Schottky barrier and not simply increasing the width of the
barrier. A detailed analysis of the behavior of the electrons
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and the radiation field in the transitional layer would require
solving the nonstationary Vlasov kinetic equation in the
nonuniform field of the barrier, which is a quite difficult
problem. At the same time, the use of the momentum-bal-
ance equation and the Maxwell stress tensor makes it possi-
ble, as was shown above, to find exactly the change in the
Schottky barrier in the depletion layer for energies E>u
without calculating explicitly the distribution of the fields
and electrons in the volume of the semiconductor and to
obtain a qualitative understanding of the nature of the effect.

As one can see from the expression (4.5a), the static
electric field of the barrier £, (x) in the depletion layer in-
creases everywhere in absolute magnitude in the presence of
an electromagnetic wave. This relation is also valid at the
semiconductor-metal interface, where we assume that al-
ways ¢(0) = ®,. Naturally, in the metal £, = 0 always,
and therefore in the presence of radiation the jump in the
longitudinal field at the semiconductor-metal interface in-
creases. Gauss’ theorem implies that the surface charge in-
creases at this boundary, and because the system as a whole
is electrically neutral (the field in the bulk of the semicon-
ductor is likewise always equal to zero) the positive space
charge on the semiconductor side of the junction should in-
crease by a corresponding amount. The latter increase is pos-
sible only if the majority of the electrons in the region of the
space charge are pushed away from the surface of the semi-
conductor. This is in complete accord with the intuitively
expected effect of radiation pressure. However, the increase
in £, (x) at the point x = x¥ with a constant height ®, of the
Schottky barrier results in a decrease of the thickness of the
barrier at the Fermi level, since in the presence of radiation
the point x¥ where ®(x¥) = u approaches the surface. This
result can be easily derived explicitly from Eq. (4.5):

|$o'l ~ |1o l _sla‘l’lau/ﬂ-

The corresponding modification of the Schottky barrier by
the radiation pressure is shown schematically in Fig. 5. Since
the states near the Fermi level make the main contribution to
the tunneling current, the resulting change in the tunneling
conductivity is positive. We underscore the fact that the der-
ivation of the expression (4.5a) rests on very general rela-
tions, whose validity requires only that the dynamics of the
electrons in the field of a quasiclassical Schottky barrier and
the incident electromagnetic wave be describable with the
help of classical mechanics. The approximation of a sharp
boundary of the semiconductor plasma enters only into the
solution of the linear electrodynamic problem which relates
the field in the incident wave to the field in the semiconduc-
tor. Making this solution more accurate, however, can affect
only the quantitative estimate and not the sign of the effect.

It follows thus from the results presented that the main
qualitative features of the observed fast photoresponse can
be understood on the basis of the idea that the Schottky bar-
rier becomes deformed when the laser radiation is reflected
by the plasma of free carriers in the semiconductor.

It should be noted, however, that, as one can see from
Fig. 3, the quantitative estimate of the magnitude of the re-
sponse Ag/oJ according to the formula (4.7) gives for "> 0
a much smaller value than experiment. The variation of the
response Ag/oJ for ¥ < Olikewise is not described complete-
ly correctly in the model of a deformed barrier (see Fig. 3).
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Itis possible that in order to understand the reasons for these
discrepancies one would have to examine theoretically the
effect of the field of the radiation not only on the shape of the
Schottky barrier but also on the tunneling process itself. The
theoretical calculation likewise ignores the fact that the
Schottky barrier can be deformed not only by the transverse
(vortical) electric field of the wave but also by the longitudi-
nal field of the wave. The latter field can arise either because
the angle of incidence deviates from normal or because the
gold film adsorbed on the surface of the semiconductor is not
uniform. It is well known that in experiments on second-
harmonic generation when radiation is incident on the sur-
face a metal (a phenomenon that is physically related to the
photoresistive effect which we have investigated, since it is
also quadratic in the amplitude of the wave; see, for example,
Ref. 14), the normal component of the electric field is inten-
sified at the adsorbate-vacuum interface. This could also in-
crease the measured photoresponse.

The investigations performed indicate that the photore-
sistive effect can be used to detect intense pulsed far-IR and
submillimeter laser radiation. Estimates of the sensitivity of
such a detector on the basis of the experimental data ob-
tained give the value ~3-107° V-cm?/kW, which is com-
parable to the sensitivity of detectors based on the drag of
carriers by photons,®’ while the planar technology for fabri-
cating such junctions makes it possible to obtain small-diam-
eter detecting elements, which could be very useful in appli-
cations.'®

We thank V. I. Perel’ and L. P. Pitaevskii for helpful
discussions in the course of this work.

APPENDIX 1

The stationary effect of radiation on a tunnel junction
can change the total conductivity o(U,J) of the junction and
the charge of the depletion layer Q(U, J). In addition, the
change in the charge of the depletion layer includes changes
in both the capacitance of the junction and the height of the
Coulomb barrier. If the intensity J of the radiation changes
with characteristic time 7,, then under the condition 7,
>0, !, which is known to hold in our case (radiation with
frequency w <, is employed), the quasistatic approxima-
tion can be used for o(#) and Q(¢), since the characteristic
charge redistribution time in the junction with a fixed bias
voltage is of the order of !. Then, in the linear approxima-
tion in the signal strength v = U — U, and the radiation in-
tensity J we can write

do do

0(U,J)= Oo+f—a—L'IU+'—a7 , (All)
a

QW=+ 22y 20, (AL2)

Here U is the voltage on the junction, U, is the value of the
voltage at J = 0, @, = Q(U,,0), and o, = o(U,,0). Repre-
senting the equivalent circuit of the tunnel junction in the
form of a resistor and capacitor connected in parallel and
assuming that the sum of the voltages on the junction (U)
and the load resistor ( 7} ) is equal to the emf of the source of
the constant bias voltage U + ¥, = &, we obtain for the cir-
cuit shown in Fig. 1:
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e=U U | dQ ( do do )
R R a A\etgpeto/
L4020 & 3Qas
AL S
o T ara e a (AL3)

Here I is the total current in the circuit, R, is the resistance
of the load, and R=1/0. Substituting Eqs. (Al.1) and
(A1.2) into Eq. (A1.3) and confining ourselves to the linear
approximation in v and J, we obtain the following equation

for the response to the action of the radiation J(#):
dv
AL A
atT v

Here7= C,(1/R, + 1/r,) ~'isthe characteristic response

time, C,=dQ /dU is the differential capacitance, and

—U.,( 1 do ) 1 9Q

1= —=) =i

CdR g 6] Cd aJ

determine the effect on the junction associated with the sen-
sitivity of the junction resistance and the charge of the deple-
tion layer, respectively, to the radiation. In the derivation of
Eq. (A1.4) we utilized the relation for the differential resis-
tance r,:

(Al4)

(ALS)

In order to express ¥, in terms of the relative change in the
charge under the action of the radiation, we take into ac-
count the fact that Q= C(V’ + U), where V' is the height of
the barrier for semiconductor electrons at U =0, i.e., the
“built-in” charge which produces the potential barrier is
also taken into account. From the relation

a0 ac
Cyi=—X _ ,__+
a aU (4% +U) C

and the known form of the dependence of C, on the voltage
on the junction, C, = C,(0)(1 + U/V"')"/?, itis possible to
derive a relation between C and C,: C = 2C,. Then we ob-
tain for 7,

i S (L0) i 9).

The general solution of Eq. (A1.4) with the initial con-
dition v = 0, J = 0 at ¢ = 0 has the form

v(t) =—1',J(t)+( Ys +-¥—) exp( ——i—)oj exp(i—') J(tar.
(A1.6)

The character of the response to the impulsive perturbation
will be determined by the ratio of the time constant 7 and the
pulse width 7, as well as by the ratio of ¥, and y,. Since 7, 7,
and ¥, depend significantly on the voltage U, situations in
which the response of the same junction under different bias
voltages is determined mainly either by the resistive or
charge component are possible. Thus, in the case of a short
time constant, 7/7, <1, and for sufficiently large bias vol-
tages, such that y,7, > ¥,, the solution of Eq. (A 1.4) has the
form

U, 1 do
~ J = —
v =yl () R(1/R,+1/r,) (o a7 )J(t) (ALT)
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and the time dependence of the signal has the same form as
radiation pulse. This makes it possible to relate the measured
strength of the signal AV, on the load to the relative conduc-
tivity change Ao/0| y_ conse in the regime of fixed constant
voltage on the sample (in the case of weak signals). Since

AVL—_-—U

and the current associated with charge redistribution is neg-
ligibly small in this case, we obtain the formula employed in
the analysis of the experimental data to express the change in
the conductivity of the junction in terms of the measured
response:

Ac AV,
- Ve(1+R. /)

(o] U =const

(A1.8)

APPENDIX 2

We now estimate the change in the conductivity of a
metal-semiconductor tunnel junction with a Schottky bar-
rier under the assumption that the temperature T of the elec-
trons in the semiconductor is different from the temperature
T, of the metal. In this case the expression for the tunneling
current can be written in the form

I(V,T.T,) osj dE[f(E.T)—f(E+V,T,)1D(E, V), (A2.1)

where f(E,T) is the Fermi distribution function, D(E,V) is
the barrier factor of the Schottky barrier, and V is the bias
voltage on the junction, which is assumed to positive when
the carriers tunnel from the semiconductor into the metal
and the energy E is measured from the bottom of the conduc-
tion band in the interior of semiconductor. Here we neglect
the weak, as shown in Ref. 2, dependence of the self-consis-
tent barrier and therefore the barrier factor D on the electron
temperature.

For the current increment A/ resulting from the change
in the electron temperature in the semiconductor with
V = const we have

Al(Vy=1(V.T)-I(V.T,)

« | dELj(E. TY=#(E. T, ID(E. V).

Hence it follows for the case of weak heating (AT =T — T)
that

o

Al ATBKT—S dEf(E,T)D(E, V). (A2.2)

The last integral is identical to the standard expression
for the tunneling current with large positive bias voltages,
when the back flow of the carriers from the metal into the
semiconductor can be neglected. But the formula (A2.2) is
valid for all values of ¥ only in this case.

For bias voltages not too close to zero, such that
|eV| > T, the asymptotic expression obtained by Stratton by
the saddle-point method (Ref. 16, p. 134) can be used to
estimate the integral in (A2.2):

j dEf(E,T)D(E. V)< (T)expleV/E,(T)], (A2.3)
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where the characteristic energy scale is

EO(T) =Eon cth (Em)/r) . Eon:h(l)p/2~

o, is the plasma frequency of the electrons in the semicon-
ductor, and the expression for 7" (T) is presented below
[see Eq. (A2.5)].
In order to estimate the relative response
Ac Al

5 V=const Fi V=conat®

it is also necessary to obtain analogous approximate formu-
las for the current I through an unheated junction. The
asymptotic expressions for this case for large V are well
known,'® and they are somewhat different for positive and

negative bias voltages:
I=(V)=I1*(T)exp[eV/E.(T)}, (A2.4)

W heIe tOI l > o
Eﬂ (D “,—e‘ ! 1} T (D
[ 0( s )] [ ( ) a].

I (T«

T ch(Eo/T) T\ EJTE
(A2.5)
and for V<0
E(T)=E(T).
E," V- (EoW/T)+0.]" s
[-(D« [ (eV+p)eh’( )+0.] exp[_‘l_l_ ‘
T ch(E,/T) E,
(A2.6)
E.~E (ffi—th E““)_‘
c— 00 T T -

The conditions under which these formulas are applica-
ble are discussed in detail in Ref. 16. They correspond to the
case of the so-called thermionic field emission, when states
lying above the Fermi level in the corresponding electrode
but appreciably below the top of the barrier &, + u — eV
make the main contribution to the tunneling current.

When the inequalities T <u<E,, < P, are satisfied, as
happens in our case, substituting Eqs. (A2.3) and (A2.5)
into Eq. (A2.2) we obtain:

AT (D,—eV( E,/T )z [eV——(Da]
AT (V)= pRai
) Z. L S ET) exp| A )
(A2.7)
Hence we have, using also Eq. (A2.6),
Ao' A AT ®,—eV ¥
o V=coust I - T Shz (Eon/T) T !
where
1,
Fe [ ®,—eV+p ]"’
| @~ (eV—p)ch* (Eo/T)
V>0
eV( E,—E, ] ’
— 4+
X exp[ E. 1 7 ) . V<0 (A2.8)

Both formulas are obviously valid outside the neighborhood
for zero — T<eV<u and give close values near the limits of
this region for parameters corresponding to the measure-
ment conditions. This can be seen, in particular, from the
behavior of the dashed curve in Fig. 3 in the region of the
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transition from negative values of ¥ to positive values, where
the calculation was also performed using the formulas
(A2.8).
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