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The time-resolved photoresponse of high-purity (p77 K 10 m V ' s ') n-type indium phosphide
has been investigated at X=118.8 pm with use of a pulsed far-infrared laser. An effective
conduction-band lifetime of 60 ns is found which increases slightly in a magnetic field. For sample
dc bias voltages exceeding a few volts per centimeter, long tails develop in the photoresponse which
last more than 10 ps. The behavior of these tails is examined for various incident laser powers,
magnetic fields, and sample bias voltages. It is shown that a four-level model involving impact exci-
tation from impurity states is necessary to describe the photoconductive response. A critical re-
quirement of the model is that the lifetimes of participating "bottleneck" states are 2 and 10 ps. On
the basis of known transition probabilities, these bottlenecks are therefore tentatively assigned to the
2p and 2s states.

I. INTRODUCTION

Time-resolved studies of far-infrared photoconduction
are a comparatively direct means of examining the
dynamical properties of the nonequilibrium distribution
following disturbance by pulsed laser excitation. The
equilibrium far-infrared (FIR) photoconductivity of Inp
has been studied for over a decade' and has been used as a
sensitive assay technique for shallow donor contam-
inants ' and to investigate solid-state analogues of the
H system. ' Despite this significant interest in equi-
librium effects, very little attention has been paid to
dynamical measurements in this system.

High-power cw FIR lasers have been used to saturate
the 1s-2p+ transitions and the cyclotron resonance in
GaAs; impurity-state and Landau-level lifetimes have
been inferred from these measurements assuming ap-
propriate two- or three-level models. It is a conclusion of
such measurements for GaAs that very long effective life-
times of up to 500 ns can be found for the 2p state
which acts effectively as a "bottleneck" in the recombina-
tion process.

Although no saturation-absorption measurements have
been described for InP, Ohyama et al. have reported ex-
tremely long ( —5 ps) lifetimes for conduction-band elec-
trons in InP using FIR pulses synchronized with an exter-
nal electric field and/or flashlamp. The possible existence
of such long lifetimes in InP, and the likely consequences
for the kinetics of the shallow donor photoconduction
process, motivated an examination of pulsed FIR photo-
conductivity in very-high-purity InP. The present article
presents additional experimental information and provides
a mechanism to explain the long "tails" which could be
seen in the photoresponse. A model involving multiple

reexcitations into the conduction band is developed which
implies the presence of two bottleneck states. Numerical
simulations of the photoresponse based on this model are
presented and compared with the experimental data.

Section II describes the electrical properties of the sam-
ples and the experimental arrangement. The results are
presented in Sec. III and the discussion of these data falls
into two parts. Section IV A analyses the behavior of the
short-term (& I ps) photosignal in comparison with the
behavior of GaAs, and provides an explanation of charac-
teristic "overshoot" effects of the photoresponse with
respect to the laser stimulus. Section IV B fully describes
the model which is used to explain the long-term ( ) l ps)
photoconductivity. It is shown that the results obtained
by this model depend critically on the values of the transi-
tion rates involved, which are consistent with reported
values in the literature.

II. EXPERIMENTAL

Samples of very-high-purity indium phosphide' were
provided with four Ohmic contacts: The electrical
characteristics of these three samples are given in Table I.

The specimens were mounted in a 4.2-K immersion
cryostat in a magnetic field with light pipe access. An
electrically pulsed Q-switched (EQ-switched) COq laser"
was used to pump a FIR waveguide laser with CH3OH as
the active medium. The system provided 118.8-pm-
wavelength pulses of variable length (75—500 ns) with a
repetition rate of 300 Hz. The maximum FIR power at
the sample was 500 mW, which corresponds to an intensi-
ty —5 W cm . In most of the present experiments the
specimen bias arrangements were configured in a constant
current mode, although the constant voltage mode was
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Sample

TABLE I. Characteristics for different samples.

(ND —N~)/cm (ND —N&) cm ' p/cm V 's ' p/cm V 's ' Thickness
(at 300 K) (at 77 K) (at 300 K) (at 77 K) (pm)

No. 1 (NAG 755)
No. 2 (NAG 761)
No. 3 (NAG 765)

2 &( 10'
1.6F10"
1.1X10'4

2.3X10'4
1.6~ 10"
1.1X10'4

4840
4700
4800

114000
129 000
123 000

8

13
10

also used on occasion. Figure 1 shows the general experi-
mental system: The ac photoresponse of the sample is ex-
amined with a boxcar after preliminary amplification by a
wide-band preamp. The boxcar is triggered by the laser
EQ switch, and a lockin is finally used to provide syn-
chronous amplification. The response characteristics of
the measurement system were thoroughly investigated
with dummy samples to ensure there were no artefacts in
the experimental response. Particular attention was paid
to the minimization of stray electromagnetic pulses from
the laser, and to the possibility of "geometrical" or elec-
tronic artefacts in the time-resolved response.

III. RESULTS

The photoconductive response as a function of time for
a typical InP sample (No. 3) is shown in Fig. 2. The sam-
ple dc bias is in this case well below the threshold value
for impact ionization or excitation effects. For the nar-
rowest laser stimuli the decay is adequately represented by
a single exponential with characteristic time ~. Examina-
tion of the photoresponse as a function of incident laser
power indicates that ~ is independent of laser intensity.
The application of a magnetic field of 3.75 T (i.e., the
resonant field for the 1s-2p+ transition when A, =118.8
pm) produces a small, albeit significant, increase in r for
the same sample under identical bias and illumination
conditions. Average values of ~ for B =0 and 3.75 T are
125 and 150 ns. Effective conduction-band lifetimes are
obtained from these values in Sec. IVA. The magnetic
field has no effect, within the limits ( —20 ns) of experi-
mental observation, on the rise profile of the pulse.

The photoresponse of a sample of n-GaAs type
(ND Nz =2X10' cm —) was used to monitor the FIR
laser output. Maan' has shown that this sample is cap-
able of following the laser pulse. The development of the
InP photosignal as a function of time is shown in Fig. 3

for increasing pulse widths and constant peak power. The
breakdown in the simple exponential decay shape is evi-
dent for the widest photoresponses observed. The figure
also indicates, for a particular InP response curve, the
profile of the FIR laser stimulus. A characteristic
overshoot between the maxima of stimulus and response is
noted. Care was taken to ensure that this was not an ar-
tefact of the experimental geometry or signal-retrieval sys-
tems. The overshoot was found to increase approximately
linearly with the integrated energy of the input pulse as
shown in Fig. 4.

The comparatively simple photoresponse signal was ob-
served to develop additional structure when the sample
bias was raised above a characteristic threshold value VT
corresponding to a sample electric field of the order 1

V cm '. Figures 5 and 6 show the development of these
"tails" for B =0 and 3.75 T. The noise pattern in the tail
is strongly suggestive of a random multiplication process.
In some cases, dependent on compensation ratio and bias,
the signal height of the tail was found to exceed that of
the initial photoresponse. The existence of a prominent
tail was noted at magnetic fields between 0 and 6 T: the
shape of the tail is not resonant with 1s-2p+ signal. VT
was found to increase approximately linearly with mag-
netic field, and this strongly suggests the participation of
impurity states in the tail mechanism. Similar observa-
tions of the tail were also made at 2 K. The pho-
toresponse tails were seen in all the samples used with
varying patterns and types of electrical contact.

The dependence of the photoresponse on magnetic field
at different times after excitation was investigated. Fig-
ure 7 indicates the difference in spectral information car-
ried in the initial pulse and the tail: it is apparent that
only a small amount of information is carried in the tail,
whereas the short-term response displays more strongly
the 1s-2p+ transition.
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FIG. 1. General experimental arrangement.
FIG. 2. Photoconductive response of sample No. 3 below V&

at 4.2 K. (a) 3.75 T; (b) 0 T.
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FIG. 3. Development of short-term photoresponse of sample
No. 3 at 4.2 K for increasing input pulse width. The stimulus
pulse for one particular response (b) is shown as a dotted line,
and the overshoot t is indicated.

The effects on both the initial and tail photoresponses
when the incident laser power was varied were examined
for the 8 =0 and 3.75 T cases. Figure 8 shows this varia-
tion for samples No. 3 and 1 at 3.75 T. It is evident that
the initial photoresponse is beginning to saturate for laser
powers & 5% of maximum. The tail, however, displays
markedly different properties. In a magnetic field the tail
photoresponse remains constant over some two to three
orders of magnitude change in incident laser intensity,
whereas at zero field it decreases superlinearly.

The tail is believed to originate (next section) from a
multiplication and "recycling" process which is random
in nature, the efficiency of which would seem to be depen-
dent on sample compensation ratios. It was, in some sam-
ples, difficult to establish the tail photoresponse in zero
applied magnetic field.

IV. DISCUSSION

A. Mechanism for the initial photoresponse (t & 1 ps)

The conventional processes of optical excitation and
photoconduction are considered to be responsible for the

6
Time ( ps)

10

FIG. 5. Characteristic tail patterns at 4.2 K, for sample No.
3 at B=0 T. The conditions of sample bias are (a) 1.2 Vcm
(b) 1.4 Vcm ', (c) 1.6 Vcm ', (d) 1.8 Vcrn ', and (e) 4 Vcm

initial photoresponse observed in Fig. 2. The photoexcita-
tion process occurs in a characteristic time w&„given by
r&, ——(cr&,F) ', where F is the photon flux and cr&, the
photoionization cross section. With values of I' and cr&,

(=10 ' cm ) (Ref. 6) appropriate to these conditions, r~,
is much less than 1 ns. Using simple order-of-magnitude
arguments and the known sample impurity concentration,
it may be shown that a significant fraction ( & 50%) of the
donors are ionized by the laser pulse. This is consistent
with the observation (Fig. 8) that the initial peak in the
photoresponse begins to be saturated when (I/IO) ~ 5%.
Furthermore, the sample resistance (as calculated from
the photosignal during saturation) closely matches the
minimum obtainable dc resistance due to thermal ioniza-
tion of donors, hence supporting the argument that a very
large fraction of the donors is ionized.

At zero magnetic field, injection into the conduction
band is at approximately 2.5 meV. An effective carrier
temperature T, is established within —10 " s by
carrier-carrier scattering. ' The warm electron gas gains
further energy from each optically excited electron and
from dc carrier heating, losing energy by acoustic phonon

200—
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FIG. 4. Graph of overshoot versus integrated input pulse en-
ergy for sample No. 3 at 4.2 K.
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FIG. 6. Characteristic tail patterns at 4.2 K for sample No. 3
at B=3.75 T. The conditions of sample bias are (a) 4 V crn
(b) 6.8 Vcm ', and (c) 10 Vcm
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The characteristic "overshoot" in the photoresponse
with respect to the stimulus (Fig. 4) has been investigated
as a function of the integrated energy in the laser pulse.
The effect is observed in a number of samples: A suggest-
ed explanation is that the overshoot represents an effective
time (t) during which the electron mobility rises as the
number of acoustic phonons (emitted by the rapidly cool-
ing electron population) diminishes. The acoustic phonon
population is created within a few nanoseconds of optical
excitation and leaves the epilayer during the time t. Us-
ing a simple kinetic theory argument, the time for ballistic
ejection from an epitaxial layer of thickness I is

FIG. 7. Photoconductive response versus magnetic field for
sample No. 2 at 4.2 K. (a) Short-term response; (b) tail

response.

emission. Under present conditions this total heating rate
is estimated at 3 pW. The analysis of McManus et al. '

provides an approximate value of T, =5 K, assuming
10 s as the time for acoustic phonon emission' ' under
the present conditions. Electrons in the gas eventually
deexcite through excited impurity states: The possibility
of thermal reexcitation is not considered to be significant
in this case.

To obtain an absolute value from the present measure-
ments for the conduction effective lifetime r' in InP at
zero field under low bias conditions, it is necessary to
deconvolve the laser decay profile from the experimental
data of Fig. 2. A reasonable estimate may be made by
noting the difference in decay times (50 ns) for the InP
sample and GaAs detector, and assuming an effective life-
time of 10 ns in GaAs. The effective lifetime is therefore
60 ns, a value supported by more recent experiments
which directly measure this lifetime. ' Consequently ~' at
the resonant magnetic field will be 85 ns. The subsequent
decay to the ground state occurs predominantly by pho-
non emission through excited states This process will
be discussed more fully in the next section.

0
vs

where v, is the velocity of sound. This time is increased
by a factor (1/A, ), where k is the phonon mean free path.
k will diminish with increasing phonon population, i.e., at
higher laser powers. Thus

t=l /v, A, . (2)

Using values of 1=10pm, v, =10 m s ', and k= —, pm
(deduced from the greatest number density of optically ex-
cited carriers), an order-of-magnitude value of 60 ns is ob-

tained, consistent with the observed overshoot.
A slight increase in the decay time of the short-term

response is noted in the resonant field of 3.75 T. This is
probably attributable to decreased transition probability as
the conduction-band wave functions shrink in the magnet-
ic field.

Since the N =0 Landau level lies at a lower energy than
the 2p+ state, at 3.75 T, the transfer of electrons into the
conduction band takes place by either tunneling or pho-
non emission. Saturation-absorption measurements for
GaAs (Ref. 6) at the resonant field for the ls-2p+ transi-
tion imply that this process occurs in -20 ns in GaAs, so
that a slight increase in signal rise time (with respect to
measurements at B =0) might also be expected in the InP
samples. However, although this is not within the resolu-
tion of the present experimental arrangement, recent pre-
liminary measurements' with a 3-ns resolution system
show no such increase in rise time at the resonant field.
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FIG. 8. Effects of varying laser power (I/Io) on tail and
short-term response for two samples at 4.2 K and B=3.75 T.

sample No. 1, tail. b, : sample No. 3, tail. 0: sample No. 3,
short term. 0: sample No. 1, short term.

B. Mechanism for the long-term photoresponse (t & 1 ps)

The fundamental mechanism thought to be responsible
for the "tails" in the photoresponse at V& Vz is impact
excitation of neutral donors at a relatively low (1—2
V cm ') bias field. This process is distinct from "nor-
mal" impact ionization which will occur at somewhat
higher bias fields. It was first invoked to explain changes
in the magnetoresistance of epitaxial n-type GaAs The
changes in excited-state populations produced by this
mechanism in GaAs have very recently been investigated
using far-infrared spectroscopy. ' The process envisages
multiple reexcitations from excited states: We extend this
idea to consider an avalanche process leading to the ob-
served increases in sample photoresponse which can con-
tinue for very long periods (up to —40 ps in some cases).

In the only other report known to the present authors
of "tails" in the submillimeter photoresponse of a semi-
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conductor, Brown et al. ' ascribe the effect to electrons
trapped in a hybrid impurity band. Impurity band con-
duction is known to decrease substantially in magnetic
fields, typically by a factor of 15 in fields of 2 T, so that
some reduction in tail signal might be expected. Since the
tail is seen to be prominent at magnetic fields of up to 6
T, this is unlikely to be the operative mechanism in our
case. Furthermore, impurity banding in these samples is
unlikely due to their low doping concentration (see Table
I).

SN& ~~y&

NA)

Ng

dt
an(n+N„)+—rnN3+SN&, (3)

The approximately linear increase in VT as the magnet-
ic field is raised is consistent with an initiating process
such as impact excitation from a population of electrons
in a 2s state. The mechanism will then proceed in an
essentially random fashion, with carrier multiplication
into the conduction band from impact-excited electrons in
higher-lying excited impurity states. The photosignal rap-
idly (4—5 ps) attains a maximum value representing a
dynamic equilibrium between excitation and trapping pro-
cesses: Some variation in the maximum value of this pho-
tosignal is therefore to be expected as the efficiency of the
conduction-band multiplication process will be dependent
on sample compensation ratios.

A simple rate-equation formalism was used to account
for the temporal characteristics of the tail. The
conduction-band population was obtained .from the nu-
merical solution of three coupled rate equations describing
electron populations in the ground state, the conduction
band, and a suitable bottleneck impurity state. The fitting
parameters of these equations were consistent with report-
ed lifetimes ' of appropriate bottleneck states for zero
field and 3.75-T measurements. The evidence of Fig. 7,
that there is very little spectral information present in the
tail, is considered to be generally supportive of the
"carousel" mechanism giving rise to the tail, as such spec-
tral information will be lost in the repeated excitation and
trapping processes.

The carousel mechanism invokes a single crude "re-
turn" parameter to account for carrier impact excitation
into the conduction band. This single parameter requires
refinement to adequately represent the complex excitation
process alluded to above. For instance, one consequence
of this oversimplification is that the simple rate-equation
simulations cannot satisfactorily account for the incident
laser power versus photosignal characteristics (Fig. 8) or
for the marked variation of these characteristics in a mag-
netic field.

A further attempt was therefore made to model the ki-
netic processes prevalent at the outset of the impurity
breakdown in order to explain the general shapes of the
observed tails and, in particular, the remarkable result (see
Fig. 8) that the tail signal in a magnetic field is sustained
over several orders of magnitude reduction in the stimu-
lating laser power level.

It is proved that the photoresponse in a magnetic field
can be most simply explained by invoking a four-level
model as shown in Fig. 9. The rate equations pertinent to
this model are

FIG. 9. Model of recombination and impact excitation pro-
cesses. Only those transition rates relevant to the present model
are indicated. n is the conduction-band population, N& the im-
purity ground-state population, and N2 and N3 populations of
excited states (see text). N& is the acceptor concentration.

dN)

dt
= —p&~nN& +p»N2+ p»N, p»nN—, SN, , —(4)

dN2

dt p32N3 p]2nN/ pp]N2

dN3

dt
=an(n+N~ ) —rnN3 —p32N3+p&3nN& —p3]N3

(5)

(6)

The source term (S) representing the initial input of elec-
trons into the conduction band by the FIR pulse was tak-
en as a I orenzian of appropriate half width. Equations
(3)—(6) above were solved numerically and computer-
generated simulations of the photoresponse of InP were
obtained for a variety of parameter choices. Results of
these simulations are shown in Fig. 10 for zero magnetic
field and at 3.75 T. For ease of comparison, appropriate
experimental tails are also plotted on this figure. The in-
set of Fig. 10 presents a graph of the maximum simulated
photosignal at 3.75 T as a function of incident laser power
for both the short-term and tail components. It is evident
from the figure that Eqs. (3)—(6) can satisfactorily ac-
count for the presence of a tail at low laser powers even
when the short-term photoresponse has virtually disap-
peared.

A direct mathematical analysis demonstrates the need
to assume a fourth "level" to account for the eventual de-
cay of the tail. It may be shown that such a long-term de-
cay will not occur with three "levels. " It is assumed that
the dominant process for the production of long-lived tail
is the inelastic scattering of electrons from the impurity
ground !'tate (population N~) into an excited state or
group of states represented by the population N3. A sub-
sequent ionization into the conduction band may then
occur which is represented by the rate parameter r, as in
the three-level model. The present model, however, re-
quires the existence of a second state (or group of states)
at an intermediate energy and for which the electron pop-
ulation is Nz. Slow recombination processes to the
ground state are then invoked to explain the eventual de-
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FIG. 10. Simulations of photonconductivity. Appropriate
experimental data are reproduced for comparison. Curve (a) is

simulation for the resonant magnetic field: u =6 )& 10
cm's ', r =6X10 ' cm's ', P33=2X10' s ', Pz, ——10' s

p~3 ——3X10 cm's ', p~3 ——7 2X10 ' cm's ', p3) ——5X10'
s '. The initial N& ——2)&10' cm ' and N, =3)&10" cm
Curve (b) is a simulation for zero field for which P3$ —0 s

The inset shows simulated saturated data for tail and initial
response at 3.75 T.

cay of the tail over several tens of microseconds. The
physical justification for the choice of parameters used in
the simulations and the possible nature of the states
represented by the populations N2 and N3 will now be
considered.

The analysis of Ascarelli and Rodriguez' concludes
that in zero magnetic field the 2s state acts as an effective
bottleneck in the phonon-assisted recombination process.
However, in a magnetic field it is likely that the lower-
energy 2p state can also act as a bottleneck and this is
supported by the lifetime measurements of Allan et al.
for GaAs. It is therefore reasonable to suggest an assign-
ment of the population N2 to the 2p state and the popu-
lation N3 predominantly to the 2s state: The conse-
quences of the degeneracy of these states at B=0 will be
examined later. Calculations of the 2p -1s and 2s-1s
lifetimes for InP using the analysis of Ascarelli and
Rodriguez, ' and an appropriate deformation potential, '

yield values of 10 and 2 ps, respectively. The decay pa-
rameters pz& and p33 were chosen using these lifetimes for
the simulations of Fig. 10. The chosen conduction-band
decay parameter a is consistent with the effective lifetime
of 60 ns obtained from the short-term response measure-
ments. The critical dependence of the resulting shape of
the photoresponse curve on the value of the parameters
used in the model will be discussed shortly.

The chosen values of the impact excitation parameters
r, p, 3, and /3&2 are in general agreement with those report-
ed by Scholl. It is possible to comment on the relative
sizes of some of these parameters by analogy with the re-
ported cross sections for electron impact in atomic hydro-
gen. Such comparisons indicate that the cross section
for ls-2p excitation is at least a factor of 3 smaller than
for either 1s-2s or 1s-2po excitations, which is consistent

FICx. 11. Simulations of the photoconductive response for a
variety of model parameters. Curve a has the same parameter
choice as curve (a) of Fig. 10. (I.e., transition times are 2 and 10
ps for 2s-1s and 2p -1s, respectively). Curve b as curve a, but
all impact excitation parameters reduced by S%%uo. Curve c as
curve a, but 2s-1s transition time equals 5 ps. Curve d, 2s-1s
transition time 1 p, s. Curve e, 2s-1s transition time equals 2 ps
and 2p -1s transition time equals 2 ps.

with the relative chosen values for f3lz and pI3 and with
the tentative assignments of the N2 and N3 populations
previously discussed. Finally, it is noted that the faithful
simulation of the experimentally observed tail requires a
minimal impact ionization of the N2 states(s): This is im-
plied by simple consideration of angular momentum con-
servation and wave-function symmetry.

Figure 10 displays a photocurrent simulation in which
the parameter p32 is set at zero. The striking similarity
between this computer-generated plot and the zero mag-
netic field data implies a zero transfer rate between the
N3 and N2 populations in zero magnetic field, which is to
be expected from the degeneracy of the 2s and 2p states
and the population assignments previously discussed.

The critical dependence of the simulations on the
choice of the relevant parameters will now be considered.
The model proposed in Fig. 9 shows only those transitions
which are numerically found to have a substantial influ-
ence on the photoconductive response. Figure 11 shows
the effects of varying several parameters for a pho-
toresponse simulation at 3.75 T. Curve a shows the simu-
lation which most closely resembles the experimental data
(see Figs. 10 and 6). Curve b represents a slight decrease
in the impact excitation parameters corresponding to
lower sample bias conditions. The curves c, d, and e
demonstrate the effects of varying the recombination
rates. The criticality of the choice of parameters is evi-
dent from the figure.

The simulations based on Eqs. (3)—(6) provide a reason-
able description of the tail behavior with the correct
choice of parameters. However, the short-term response
( & 1 ps) is not so well represented by the present model
and there are two major reasons for this. The first is that
the simulations do not take into account the overshoot ef-
fects discussed in Sec. IVA, which are important on this
time scale. The second is that the model assumes instan-
taneous capture by the state, whereas in reality a cascade
through a sequence of short-lived states will occur.
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There was some experimental evidence that tail forma-
tion in zero field was more difficult to establish and had a
greater susceptibility to sample variation and laser power
than tail formation at the resonant magnetic field. Al-
though this behavior is not fully understood, it is suspect-
ed to be related to the relative magnitudes of the slightly
higher bias required in a magnetic field and the random
internal electric fields associated with the ionized impur-
ities. It was not possible, however, to apply a comparable
high bias at zero field, because of the onset of total break-
down produced by direct impact ionization of the ground
state. The noisy appearance of the tail, particularly at
long ( & 5 ps) times is perhaps a manifestation of the onset
of filamentary conduction processes which have been ob-
served in GaAs (Ref. 26) and Ge (Ref. 27).

V. CONCLUSIONS

The photoconductive response of three high-purity n-

type InP samples has been studied at 4 2 K using
75—500-ns pulses of 118.8-pm radiation from a CO&
pumped FIR laser. At low sample bias voltages the pho-
toresponse is a slightly asymmetric pulse represented by a
simple exponential decay of characteristic times 125 and
150 ns at 0 and 3.75 T, respectively, which correspond to
effective lifetimes of 60 and 85 ns. The significance of
these times relative to other measurements in GaAs is dis-
cussed. The development of this photosignal was moni-
tored as a function of the laser stimulus power, and
overshoot effects were observed where the sample photo-
conductance continued to increase for a period (or order
50 ns) while the stimulus power fell. The effect was seen
to be approximately proportional to the magnitude of the
input power integrated over the laser pulse period. This
was interpreted as the characteristic time during which
the electron mobility rose while acoustic phonons were
ejected into the substrate.

At sample bias voltages exceeding a threshold of a few
volts per centimeter the photosignal was seen to develop a
long tail extending to several tens of microseconds. The

very long conduction-band lifetime deduced by Ohyama
for electrons in InP under similar bias conditions is al-
most certainly a manifestation of the same effect. The
threshold voltage for this tail was found to increase ap-
proximately linearly with applied magnetic field. The
spectroscopic properties of the tail were investigated, to-
gether with the variation in tail shape and size with in-
cident laser power.

An earlier rate-equation model for the process was criti-
cally examined, and its shortcomings pointed out. A
model involving impact excitation and slow recombina-
tion between the ground impurity state, the conduction
band, and other states (or groups of states) has been
developed, and computer simulations based on this model
are presented. The shapes of the initial pulses and the
long-lived tail at B =0 and 3.75 T are seen to be faithfully
reproduced by this model, together with the saturation
behavior as a function of laser power. The fitting param-
eters required by the simulations are seen to be consistent
with assignments of the Nz population in the model to
the 2p state and the X3 population to the 2s state and
with reported impact excitation cross sections and phonon
decay rates.
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