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Evidence of internal photoemission in the CO2-laser-induced negative potential in homojunctions
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A component of the strongly bias-dependent potential in the far-infrared laser-induced photoeffect
produced in silicon and germanium homojunctions is reported. A model of laser-heated hot-carrier
internal photoemission is presented. The model predictions are compared to experimental results, show-

ing good agreement.

I. INTRODUCTION

The appearance of induced potentials in junctions irra-
diated by pulsed CO2 lasers ( I,= 10.6 pm) is well
known. ' In recent work it has been observed that the
photoresponse to the CO& light pulses is usually negative
at the beginning, and then positive at the end of the in-
duced signal. ' Here a negative photoresponse is a pho-
toresponse that is opposite in sign to the normal photo-
voltaic signal.

Umeno et al. ' reported only the negative effect, and in-
terpreted it as a laser-induced hot-electron effect. Con-
versely, Hasselbeck, Malone, and Kwok observed only
the positive effect, and interpreted it as a thermal effect in
the junction resistance. Since then the positive effect has
been studied and theoretically modeled as an impact-
ionization laser-induced hot-electron effect.

The negative effect has also been studied and modeled
using energy balance equations modified by the laser
heating of electrons. ' In the model proposed by Ash-
montas and Shirmulis, ' the photoinduced potential is
essentially bias independent. But the potential generated
by the proposed mechanism must pass across the junction
capacitance, which is, as is well known, strongly depen-
dent on the bias potential. Thus a certain bias depen-
dence in the measured effect is expected even if the in-
duced potential is bias independent. In fact, a strong
dependence of the negative effect on bias has been ob-
served. ' ' The measurement and interpretation of the
bias dependence of the negative effect is the object of our
present study.

If the photoinduced potential is indeed bias indepen-
dent, then upon passing across the junction capacitance it
would change in the same manner as an equivalent exter-
nally generated electrical pulse. To test this hypothesis,
electrical pulses synthesized with the same form as the
laser light were applied to the junction to obtain the elec-
trical response as a function of the bias. The bias depen-
dence of the negative photoeffect was also measured.
With a negative or small positive bias, synthesized electri-
cal pulses and laser pulses exhibit the same behavior.
However, with larger positive bias the photoeffect signal

is clearly stronger than the electrically stimulated
response. A mechanism of internal photoemission by
laser-heated hot carriers is proposed to explain the de-
scribed behavior.

II. KXPERIMKNTAI. SETUP

A voltage pulse synthesizer is used to mimic the laser
pulse shape. Single pulse mode measurements were per-
formed to avoid progressive heating of the junction. The
dc bias across the junction is isolated through capacitive
coupling from the pulse synthesizer. The input electrical
pulse and output were simultaneously recorded in a two-
channel fast digitizer (2-G sample/s). All the circuit ele-
ments were connected with 50-Q impedance coaxial
cables.

A single transverse mode (TEMoo) CO~ laser is used to
excite the photoeffect in the junction. An electro-optic
pulse slicer was used to obtain a 30-ns-wide optical pulse
from the normally several-ps-wide laser pulse.

The measurements were taken in a single pulse mode,
either directly with the transverse Gaussian profile of the
TEMoo mode, or by using a beam integrator in order to
obtain a more homogeneous transverse profile.

As in previously reported measurements, the junction
of a Slomons BPW 21 photodiode was used to induce the
negative photoeffect. The BPW 21 is a silicon photo-
diode with a P+/N structure and a P+ doping of about
2X10' cm . The junction is placed inside a Dewar cry-
ostat at either room or liquid-N2 temperature.

To obtain a sample of the excitation pulse, a ZnSe
beam splitter and a 80-K-operated fast (5-ns rise time)
Hg Cd& „Te photodetector are used. The excitation
pulse and photoresponse were recorded in the fast two-
channel digitizer (Fig. 1).

III. EXPERIMENT@.I.RKSUI.TS

Because the interesting behavior appears only for for-
ward bias, here we will describe only the forward bias re-
sults. The 80- and 300-K electrical responses to the syn-
thesized square potential pulses (with 30-ns pulse width)
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FIG. 1. Sliced laser light and induced photovoltage pulse
shapes (the forward bias is 1 V).

FIG. 3. Negative effect at two irradiation intensities as a
function of bias voltage. The intensity is measured as the peak
of the transverse Gaussian profile. The temperature was

are shown in Fig. 2, along with the corresponding nega-
tive photoresponses. The photoinduced signals measured
at 80 K for two different radiation intensities can be seen
in Fig. 3.

From an inspection of Fig. 2, we can see that electrical
and optical responses are the same for reverse and small
forward biases. For large forward bias, however, the
photoresponse is much stronger than the electrical
response, revealing the existence of an additional mecha-
nism strongly dependent on the applied bias. These
graphs show a sharp maximum somewhat below the tran-
sition potential of the junction at the corresponding lat-
tice temperature. This mechanism is only noticeable at
high forward bias. Because the effect is negative, the
photoresponse should be related to the transport of the
majority carriers across the junction.

20

80K; Laser; I=0.3 MW/cd
80K; Electrical Signal

300K; Laser; i=1 MW/crR

300K; Electrical Signal

IV. INTERNAL PHOTOEMISSION EFFECT

To explain the above-described experimental results we
propose a laser-heated hot-carrier internal photoemission
model. As is well known, the primary effect of the in-
frared laser is to produce a heated plasma of carriers at a
local thermal equilibrium temperature T„which can be
much higher than the lattice temperature T~.. As a
consequence of this carrier heating, a bias-independent
effect appears that is described by Ashmontas and Shir-
mulis, ' and simulated with the electrical response in our
experiment. The carrier heating, however, also excites
some of the carrier population into levels near the top of
the junction barrier, which can then be directly photoex-
cited to levels above the barrier.

The density of conduction electrons on the fringe, with
high enough energies that could be photoexcited above
the barrier, is (Fig. 4)

E
hn = J f~Dg, (E)dE, (&)

where
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FIG. 2. Electrical responses: (A) TI =80 K' () TL
K. Absolute value of the negative effect. The measurements
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FIG. 4. Internal photoemission scheme.
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Here m,* represents the electronic effective mass, EI;
and E, are the pseudo-Fermi-level of the hot-carrier plas-
ma and the conduction-band energy, respectively, q is the
electronic charge, and V~ and V0 are the bias and transi-
tion voltages, respectively.

Using the scaled variable

- Vo—0

500 1000
E —E,

KT,
Forward Bias (mV)

FIG. 5. Bias dependence of Eq. (7) for internal photoemis-
sion. T, =500 K, V0=1.075 V, and hv=0. 118 eV.we obtain

b(&~)
hn =n X '/'e dX,

~ ~a'
ed in this range of energies may diffuse across the barrier,
producing the observed effect. Thus the direct excitation
of some carriers by the infrared laser light produces inter-
nal photoemission. When this occurs, the induced photo-
current is proportional to hn as given by Eqs. (7)—(10).
An equivalent expression can also be derived for holes.

Ignoring the influence of carrier transport (mobility,
diffusivity, etc.) and optical (reAectivity, absorption cross
section, etc. ) properties in the generated photovoltage,
the electrons and holes play a completely symmetric role.
Thus the carriers making the highest contribution to the
photoinduced negative potential in a P+/N structure will
be the holes. However, contributions from both carrier
types in a P/N structure will be considered.

where

q(v, —v~)
b(v~)=

C

q(vo —V~) —hv
if q ( Vo —Vz ) ~ h v

C

a(V )= 0 if q ( Vo
—V~ ) (h v,

' 3/2
2mm, *ET,

exp ET,
n =2 (10)

V. DISCUSSIQN AND CQNCI. USIONS

In order to isolate the internal photoemission effect we
have subtracted the electrical response from the photoin-

I/2 —xx e
0 2

the coe%cient n can be identified as the density of carriers
in the band. Equation (7), as illustrated in Fig. 5, has a
sharp peak at a bias of 1 1.8

IQ

i

1

I

(Vg)~ = Vo—
QI

Qt
I

I

I

Q I

0,

0)

)
CO

Ch
Ql

0
0)

(D

O
EA

The peak value is given by

2 "~/~T, 2 3 h v(bn)~= n x e dx= —np
o v'~ 2' ICT,

./I
Qwhere y(a, x) is the incomplete gamma function. Equa-

tion (7) drops to zero when I I

480 720

I
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(Va)o= Vo . (13)

Forward Bias {mV)

Equation (12) shows explicitly the dependence of the
peak value (b, n ) on T„' note that at low-carrier tempera-
tures the effect should be more pronounced.

These characteristics are easily observed in the experi-
mental results shown in Figs. 2 and 3. The carriers excit-

FIG. 6. Fit to the internal photoemission efFect shown in Fig.
2 (the measurements with the beam integrator) by Eq. {7). {X)
Tl =300 K, I=1 MW cm; the fit parameters are T, =900 K,
Vo =0.6 V. ( ) TL =80 K, I =0.3 MW cm; the fit parame-
ters are T, =290 K, Vo = 1.07 V.
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FIG. 7. Fit to the internal photoemission e6'ect shown in Fig.
3 (the intensity is measured as the peak of the transverse Gauss-
ian profile) by Eq. (7). ( X ) TL =80 K, I=5.68 MW cm; the
fit parameters are T =900 K Vo = 1.1 1 V. ( ) Tg =80 K
I=1.59 MWcm; the fit parameters are T, =600 K, Vo=1. 13
V.

duced one. A fit is then made to Eq. (7), the internal pho-
toernission. These fits are shown in Figs. 6, 7, and 8. As
can be seen, the equation Ats the data remarkably well,
clearly supporting our theoretical interpretation. The
magnitudes Vo and T, were used as the parameters in the
6t. The equation is also very sensitive to the hv value,
and here we have used h v=0. 118 eV, which corresponds
to a wavelength of 10.6 pm.

The photoresponse measured at TI =300 K proved to
be the most diScult data to fit. In particular, the 6t for
the photoresponse with the highest bias is not very good.
The photoresponse at the falling edge of the peak has
been apparently enhanced, but the detailed mechanism
giving place to this behavior is not clear. The theoretical
model predicts a reduction in the photoresponse as TL is
increased (Fig. 6). The increase in the carrier tempera-
ture corresponding to this fj.t is 5T, =600 K
(=900—300). The optical integrator provides a very
smooth intensity distribution across the irradiated area,
and the average peak irradiation intensity used in the
measurements at TL =300 K was estimated to be about 1

MWcrn . The fj.t corresponding to TL =80 K gives a
carrier temperature increase hT, =210 K, for a radiation
intensity of 0.3 MW cm

Because the carrier thermal distribution is not degen-
erated, it can be expected that the carrier plasma retains
a sizable fraction of the absorbed radiation energy. In a
previous work we demonstrated that if the carrier plas-
ma remained in equilibrium under excitation by radiation
and acoustical-phonon losses, then

T.' =1+ ', (&4)
TI Io

and hence

I Tc TL,

T,' —T

FIG. 8. Fit to the internal photoemission eItect reported by
Umeno et al. for a germanium junction (Ref. 1) by Eq. (7). ( X )

Tl =311 K; the fit parameters are T, =770 K, V0=0. 13 V. (CI)
Tl =240 K; the fit parameters are T, =450 K, Vo =0.35 V.

In the above case, this means

1 MWcm 600
0.3 MW cm 210

The fit results support this carrier plasma equilibrium
assumption. The fitted values ( Vo =0.6 V) for the transi-
tion potential at room temperature and at 80 K
( Vo = 1.075 V) are also reasonable.

In Fig. 8 a fit was made to some experimental results
reported by Umeno et a/. ,

' measured in germanium
junctions. The fit at TI =300 K shows the same problem
observed in the silicon junctions with large forward bias
at the same temperature. Important practical conse-
quences are evident from our model results. Perhaps the
most striking result is that any forward-biased junction at
the [ Vo —(h v/q)] potential could be a good photosensor
for far-infrared radiation. From Eq. (7), the higher the
N+ or P+ doping is, the higher the foreseeable efFect.

In conclusion, here we have provided much evidence
supporting the existence, at high forward bias, of an im-
portant internal photoemission contribution to the nega-
tive photoinduced e6'ect in silicon and germanium junc-
tions produced by far-infrared laser light.
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