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The kinetics of relaxation and recombination processes of nonequilibrium and quasiequilibrium

charge carriers in high-purity n- and p-type GaAs are investigated. Luminescence spectra taken in

time windows positioned at the end of excitation pulses of increasing length and the shape of corre-
sponding luminescence transients are found to depend strongly on pulse length up to 500 ns. It is
thus shown that quasiequilibrium of the excited state under continuous excitation is reached only
after relatively long times. Slow capture of minority charge carriers by ionized impurities is found
to cause the delay. Capture cross sections of holes by the ionized effective-mass acceptor carbon C
and the ionized 167-meV deep Sn acceptor are determined from the onset of the respective
luminescence in n-type samples. Time-delayed spectra and luminescence transients taken after the
end of an exciting pulse of 2 ps length visualize the stepwise relaxation of the electronic system from
the nonthermal quasiequilibrium of an excited state to thermal equilibrium. In all n- and p-type
samples investigated here free holes disappear first. Consequently, the conductivity type of p-type
material inverts twice during recombination. Capture cross sections of free electrons by ionized
donors and neutral acceptors and of free holes by ionized carbon acceptors are determined. The
capture cross sections are o(h ~SnA, ) =7.0&&10 ' cm, 0.(h ~C ) =8.7)&10 ' cm, o.(e~D+)
=5.1)&10 ' cm, and o.(e~C )=2)&10 ' cm . A specially devised low-temperature catho-
doluminescence system is used for these experiments. Electron pulses of varying length 1 ns &t &10

ps but constant rise and decay time of &200 ps and moderate to low power density (0.8 &I,„,&20
W cm ) are employed for excitation.

I. INTRODUCTION

The thermal equilibrium number and distribution of
charge carriers in a semiconductor is disturbed by injec-
tion or excitation. Band and impurity states which were
empty before are now populated. The equilibrium is rees-
tablished by relaxation, capture, and recombination of the
charge carriers.

In this paper we present a detailed analysis of the kinet-
ics of the various capture and recombination processes
reestablishing the thermal equilibrium number of charge
carriers in GaAs at low temperatures. CsaAs, whose elec-
tronic properties are now well understood, is the ideal
model substance for the entire class of direct-band-gap
zinc-blende semiconductors. In a subsequent paper we

. will treat the energy relaxation of warm carriers in their
respective bands via acoustic-phonon emission.

The "lifetimes" of nonequilibrium electrons and holes
in their different band and impurity states are of central
interest, both from a fundamental and an applied point of

view. Capture cross sections can be derived from life-
times. Properties and performance limits of many devices
depend on capture cross sections: The speed of electronic
switches, the response time of ir-radiation detectors, and
the efficiency of solar cells and lasers are among the most
important properties.

Since the advent of semiconductor physics considerable
effort has been devoted to calculate cross sections of tran-
sitions between bands and impurities. This problem
shows a varying degree of complexity, depending on the
type of impurity (effective-mass type or deep) and the
type of transition (involving an impurity state derived
from the same or a different band) considered. In particu-
lar, a lack of knowledge of the proper impurity wave
function often presents a major source of difficulty.

Pioneering work was performed by Bebb and Chap-
man, ' who borrowed the phenomenological quantum-
defect method (QDM) from atomic physics and applied it
to the case of impurities with a Coulomb potential plus a
short-range potential. The 5-function model for very deep

31 7788 1985 The American Physical Society



KINETICS OF RELAXATION AND RECOMBINATION OF. . .

centers was developed by Lucovsky. Very shallow
centers are described in the framework of hydrogenic
effective-mass theory. In the special case in which the
number of core electrons of the impurity is identical to
that of the host, a single-band approximation of the im-
purity wave function is valid regardless of whether it is
shallow or deep. An up-to-date review of the validity of
the effective-mass theory and on isocoric impurities has
been given by Pantelides. Bebb used the QD wave func-
tions to calculate the optical-transition cross sections in-
volving an impurity. Ridley derived approximate analyt-
ical expressions for photoionization cross sections and
their temperature dependence. In contrast to earlier work,
contributions of Bloch functions from many bands to the
localized state were considered. Very recently, in an ex-
cellent paper, Chaudhuri pointed out a number of impor-
tant deficiencies of the earlier work. By eliminating un-
justified approximations, correcting errors, and using a
novel method to compare the overlap integrals of the cell
periodic functions, Chaudhuri derived a rather general
formalism to calculate for the first time the zero-
temperature cross sections for both types of transitions:
band-impurity transitions and photoionization or photo-
deionization. As an example and application of his
method, he chose GaAs. Unfortunately, the complexity
which arises due to the degeneracy of the valence band in
zinc-blende semiconductors was not taken into account,
although it is known that neither correct acceptor energy
levels ' nor their shift and splitting in external magnetic
fields can be obtained with simple effective-mass theory.
Thus a quantitative comparison of the numerical results
for transition cross sections involving acceptors, e.g., in
GaAs, to experimental values is hampered. It is, however,
correctly argued that there exist no experimental data for
band-acceptor transitions and comparison, anyway, can-
not yet be made. This situation is altered with the present
work, where —to the best of our knowledge —for the first
time cross sections of conduction-band —acceptor transi-
tions, of hole capture by the ionized effective mass accep-
tor carbon and by the ionized 167-meV deep acceptor
tin, ' and of electron capture by ionized donors are
presented.

There exist a number of standard methods for the ex-
perimental determination of capture (or emission) cross
sections of impurities and defects. Deep-level transient
spectroscopy" (DLTS) and various other capacitance
spectroscopic methods' were developed and brought to a
high standard with cross-section determination as one of
the main aims. Frequently, however, a substantial varia-
tion of the rates and therefore the cross sections with the
magnitude of the externally applied electric field (e.g. , of
the Schottky barrier) is observed. ' An unambiguous as-
sertion on the zero-field cross section is hampered. Furth-
ermore, it is technica11y difficult to determine cross sec-
tions of shallow impurities by DLTS, and, to our
knowledge, there exist no data, e.g., on cross sections of
transitions from the neighboring or the opposite band to
effective-mass acceptors or donors in GaAs. ' Cross sec-
tions are more sensitive to the proper choice of wave func-
tion and to the correct choice of approximations very
often made in the course of theoretical work than ener-

gies. Experimental data on effective-mass acceptors,
moderately deep acceptors, and effective-mass donors—
presented here for the first time —thus provide a key to
test the validity of fundamental theoretical work.

Time-resolved luminescence experiments represent the
most important and most powerful optical tool to gain in-
formation on lifetimes. Different capture processes can
be distinguished by separate measurement of the transient
behavior of the various lines and bands of a luminescence
spectrum. Complementary information is obtained by
separate observation of the onset and the decay of the
luminescence.

The importance and the large number of applications of
time-resolved luminescence present a challenge to experi-
menters to develop sources of excitation, detection, and
data-acquisition systems. The work of Heim' reviews
those methods having a time resolution in the domain be-
tween 10 and 10 s. Common to all of them is the use
of various types of pulsed lasers as excitation sources.
The width of such a laser pulse cannot be independently
adjusted from its rise and decay time and presents a limit
for the time resolution of the system. Until now the ques-
tion was never considered of whether the shape of the ex-
citing laser pulses does not directly affect the lumines-
cence transients and all quantities derived from it. One
reason why one might have doubts are the relatively long
capture times of free charge carriers into shallow impuri-
ties in both direct- and indirect-band-gap semiconductors,
which can be estimated on the basis of the above-
mentioned, and additional, theoretical work ' cap-
ture times long enough to prevent a metastable excited
state being established in the semiconductor during excita-
tion. If such a state is not reached, the initial state of the
decay is completely undefined, depending on small details
of the exciting pulse shape, and any interpretation of re-
sults is questionable. No reports of time-resolved
luminescence experiments assessing systematically the in-
fluence of a source of excitation with variable length and
intensity, but constant and extremely short decay time ex-
ist to date.

In this paper a different approach to performing time-
resolved luminescence experiments is presented, utilizing a
source of excitation circumventing the drawbacks of a
classical laser source: a chopped cathode ray. Pulses of
electrons with constant rise and decay times of &200 ps
and continuously variable lengths between & 1 ns and 10
ps are created in a scanning electron microscope equipped
with a beam-blanking unit, a miniaturized He cryostat,
and a cathodoluminescence detection system using a spe-
cial photon-counting technique. High-purity n; and p-
type GaAs is investigated. Luminescence spectra and
transients are measured as a function of increasing pulse
length (keeping all other parameters constant) and are
indeed found to vary strongly for lengths up to 1 ps! Hole
and electron capture times and cross sections into states of
ionized acceptors and donors, respectively, are derived
from these "luminescence onset" data.

Subsequently, the decay from a metastable excited state
is investigated as a function of excitation intensity, tem-
perature, and doping using pulses of some ps length. A
detailed analysis of these data allows a conclusive inter-



7790 BIMBERG, MUNZEL, STECKENBORN, AND CHRISTEN 31

pretation of the underlying, very complex recombination
kinetics, and an additional determination of cross sections
to be compared with the values based on the luminescence
onset,

Surprisingly, we observe that holes always disappear be-
fore free electrons disappear, independent of the type of
sample, due to the much larger capture cross section of
free holes. Thus, strongly excited p-type samples change
conductivity type for a short time during decay.

This paper is organized as follows: Section II contains
a description of the experimental setup and of the samples
used. In Sec. III results of experiments with variable
pulse lengths are presented. Time-delayed spectra and de-

cay times from a quasiequilibrium excited state, reached
after a long excitation pulse is abruptly switched off, are
presented and discussed in Sec. IV. Concluding remarks
are found in Sec. V.
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FIG. 1. Schematic diagram of the low-temperature catho-
doluminescence setup attached to a scanning electron micro-
scope. Temperature of the sample, 5 & T &300 K. Time resolu-
tion of the system, &250 ps. .

II. EXPERIMENTAL SETUP AND PROCEDURES

This section contains a description of the low-
ternperature cathodoluminescence system. A detailed ac-
count emphasizing its potential for the generation of
luminescence intensity and lifetime pattern of semicon-
ductor surfaces and structures has been given elsewhere. '

At the end of this section some properties of the samples
used for our experiments are summarized.

A. Setup for time-resolved cathodluminescence
experiments

The cathodoluminescence (CL) system —a block dia-
gram is shown in Fig. 1—is based on a commercial scan-
ning electron microscope (SEM). The vacuum system is
modified and cryogenic shielding is introduced to
suppress contamination of the samples at low tempera-
tures. A Raith beam-blanking unit is located directly
below the electron gun. Electron pulses of rise and decay
time & 200 ps, varying width of & 1 ns up to 10 ps, and a
repetition rate of 1 kHz up to 1 MHz are used for excita-
tion. A miniaturized continuous-flow He cryostat (Cryo-
vac, Inc.) is fitted to a standard specimen stage. The tem-
perature is continuously variable in the range 5 & T &300
K. Lattice, charge-carrier, and exciton temperatures of
typical samples are determined independently as described
earlier ' ' to control or avoid heating of the lattice rela-
tive to the cryostat. 30-keV electrons at varying currents
yielding intensities 0.8 &I,„,&20 W/cm are used for exci-
tation in the work described here. At 30 keV the center of
excitation is =1 pm below the surface. Surface effects
can thus be excluded as contributing appreciably to the
recombination. The emitted light is focused by an ellip-
tical mirror on to the entrance slit of a Mcpherson 30-cm
vacuum monochromator (spectral resolution 0.06 nm at
10 IMm slit width). The electron beam is always scanned
over a small square of 7&&7 pm and the luminescence
light presents a mean value of the properties of this area.
The light is detected by a cooled photomultiplier with a
GaAs cathode. A block diagram of the signal detection
and regeneration system is shown in Fig. 2. The pulse
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FIG. 2. Block diagram of electron-beam-blanking and catho-
doluminescence detection system including a photon-counting
system operating in an inverted mode and an LSI-11/23-
minicomputer —controlled multichannel analyzer.

generator which triggers the beam-blanking unit also
triggers a photon-counting system via a delay line. The
photon-counting system operates according to the method
of delayed coincidence in an inverted mode, however, thus
yielding an improved signal-to-noise ratio . The dynamic
range of our detection system is —= 10 . The pulse-height
distribution generated by the photon-counting system is
evaluated by a computer-controlled (Digital Equipment
Corporation LSI-11/23 minicomputer) multichannel
analyzer (PGT), a system usually employed for energy-
dispersive x-ray analysis. The data are stored on a mag-
netic disk. Our data-acquisition technique has the unique
advantage that simultaneously up to 14 time windows
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(a) The depth of excitation can be easily varied by vary-
ing the electron acceleration voltage between 200 V and 40
kV. The projected range of such electrons, e.g., in GaAs,
varies from only a few nm to 5.3 du, m, respectively. Thus,
predominantly surface or surface-free excitation, respec-
tively, can be chosen, depending on the requirements of
the actual experiments. At any penetration depth the ex-
citation is much more homogeneous in volume than after
laser illumination.

(b) The width of the exciting pulses can be varied by
more than 4 orders of magnitude without altering the
pulse rise and decay time. Thus the temporal resolution
of the experiment is independent of the pulse width.

(c) The electron beam can be easily scanned over the
surface of the crystal using the standard scanning coils of
the SEM. A two-dimensional pattern of the luminescence
intensity and lifetime can be taken in a few minutes. '

A general remark shall conclude this section. A
"straightforward" interpretation of the time dependence
of the luminescence intensity —the "lifetime" —is dubious
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FIG. 3. Cathodoluminescence response to 800-ns electron
pulse {schematically). Up to 14 time windows can be simultane-

ously set during onset, quasiequilibrium, and decay of the
luminescence. A number of such windows is indicated by the
differently hatched areas under the Cl curve.

with varying widths —to optimize independently the
signal-to-noise ratio- —"an be electronically set. Thus up
to 14 spectra taken at different times with respect to the
start of the exciting pulse can be recorded simultaneously
under the same experimental conditions. No repetitive
wavelength scans are necessary. The data-acquisition
time is largely reduced as compared to a sequential mea-
surement. The time resolution of the total CL setup in-
cluding photomultiplier and electronics is experimentally
determined to be & 250 ps.

Figure 3 presents an illustration of this novel procedure.
A 800-ns electron pulse is employed here to excite the
luminescence. The onset of the luminescence and its ki-
netics, the quasisteady state, and the decay and its kinetics
are seen.

Beyond the advantages already mentioned, a time-
resolved cathodoluminescence experiment as described
here is superior to a typical time-resolved photolumines-
cence experiment having similar time resolution from
three more general points of view:

if the system under investigation is not a two-level system,
one initial and one final state, but more complex. Only a
comparison of a number of time-delayed spectra, covering
the entire wavelength range of interest, with the corre-
sponding decay times, can, in general, lead to a physically
meaningful interpretation. The cathodoluminescence sys-
tem described here offers this possibility.

B. Crystals

All GaAs crystals used for the experiments described
here were grown by liquid-phase epitaxy. The layers are
either n or p type with net impurity concentrations of
1 && 10' —1 & 10' cm . They are not intentionally
doped, except for a few, which are lightly Sn doped. The
thickness of all layers is larger than 20 pm, so that any in-
fluence of the substrate or its interface on the lumines-
cence spectra can be disregarded.

III. THE ONSET OF LUMINESCENCE

The evolution of luminescence spectra of p-type sam-
ples excited with pulses of increasing length will be con-
trasted with the evolution of spectra of n-type samples at
the beginning of this section. Then, capture times of
holes into shallow effective-mass —acceptor states and into
the 167-meV deep states of the Sn acceptor' are derived
from the onset of acceptor-related luminescence. Finally,
we demonstrate the strong dependence of the lumines-
cence on the length of the exciting pulse.

Figure 4 shows typical luminescence spectra at 5.3 K of
(a) a lightly-Sn-doped n-type sample and (b) a p-type sam-
ple. The spectra are taken during excitation with pulses
of a length T increasing from 2 ns to 2 ps. The width of
the time window during which photons are counted is
typically 5%%uo of the excitation pulse duration, but at least
2 ns. The counting window is always positioned at the
end of the exciting pulse. For clarity, only three of these
spectra are displayed here. An increase of the excitation
pulse length beyond 500 ns does not lead to further
changes of the spectra, for both n- and p-type samples.
The spectra of both types of samples look qualitatively
similar to those discussed in the detailed investigation of
Heim and Heisinger. Luminescence from the free exci-
ton X, from the donor- and acceptor-bound excitons
(D,X), (D+,X), and (A,X), from the neutral-acceptor-
tin-bound exciton (Sn,X), " from the free-
electron —neutral-acceptor recombination ( e, A ), and
from the neutral-donor —neutral-acceptor pair recombina-
tion (D,A ) is easily identified. ' The various lines are
labeled at the top of Fig. 4.

Apparently, the spectral distribution of the emission de-
pends on the length of the exciting pulse. The spectra
after long excitation pulses show a larger variety of
recombination processes than the spectra after short
pulses. Following a 2-ns pulse the n-type sample does not
show any features which are connected with the presence
of neutral acceptors, whereas the p-type sample does not
show any features connected with the presence of neutral
donors. Thus, after excitation with pulses of 2 ns or
shorter, recombination processes due to bound minority
carriers are completely absent, although free minority car-
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FIG. 4. (a) Luminescence spectra of a lightly-Sn-doped n-

type sample, and (b) a high-purity p-type sample. The spectra
s own here are taken during excitation with pulses of length 2,
50, and 500 ns, respectively.

1.52

riers are present. The capture of free minority carriers
into bound states takes much longer than the time of exci-
tation at the doping levels used here. These capture times
will be derived in what follows-. The spectra of Fig. 4
visualize directly for the first time the temporal evolution
of the capture process of free minority carriers into shal-
low bound states in GaAs.

A brief remark shall be devoted to the lines at 1.5148
eV (500 ns) and 1.5150 eV (2 ns) which seems to exhibit
some fine structure in the p-type sample and which are lo-
cated just below the exciton band. These lines were tenta-
tively assigned to excited states of the neutral-donor
bound exciton. The presence of an intense peak at times
as short as 2 ns, the extreme weakness of the (D,X) line
still at 5s i a 0 ns, and its complete absence at 2 ns seem tem o ex-
c u e this interpretation. The energy difference of 2.5
meV to the (A,X) lines and the reciprocal time depen-
dence of the ( A,X) and 1.515-eV lines make it more like-

1 thay at these lines are due to excited states of (A",X). An
energy-relaxing cascade process via excited states ap-
parently precedes the formation of the ( A X
s a e(s), in agreement with the early —but still valid-

x, w ic was original-t eory on cascade processes by La ' h' h
y developed for donors. Very recently, Koteles et al.

interpreted the 1.515-eV line in p-type molecular-beam-

exciton —polariton line. This interpretation does notno seem
o e consistent with the time evolution d dn ail oping

dependence of the lines.
The excitation-pulse-length dependence of the lumines-

cence spectra is used to evaluate capture times of free
holes into acceptor ground states. Figure 5 shows the in-
tegrated luminescence intensity of the (Sn,X) line of Fi .
4(a) and of th e (e, A ) line in a different n-type sam le
which does not contain Sn or any other medium deep ac-
ceptor in a measurable concentration. With increasing
time after the beginning of excitation, the relative intensi-
ties of both lines increase and eventually saturate [note the
different time-scales in parts (a) and (b) of the figurej.

The intensity I I(t) I o (photons/s) of the (Sn,X)
recombination at a time t after the start of a continuous
pulse is

103
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FIG. 5. Time dependence of luminescence intensity of the (a)

(Sn X) and ~b( ) (e, A ) luminescence in a Sn-doped and a nomi-

nally undoped n-type sample, respectively. A is the effective-
mass acceptor. carbon.

[Sn,X],—[Sn,X)0
gV,

Tt

where the concentration of excitons bound to the neutral-
n, o

——, since inacceptor tin in thermal equilibrium [Sn X' =0,
an n-type material at low temperatures the neutral-
acceptor-tin concentration [Sn )=0. rI is the total life-
time of the boune o e ound exciton, q is the internal quantum effi-

approximation time independent, Eq. (1) can be simpli-
ie to
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I ")I(s ox)-
[Sn,X],

Now,

[Sn,X],—[Sn ],[X], , (3)

[Sn ],=[Sn ][1—exp( —t/r, )],
where ~, is the hole-capture time.

Combining Eqs. (2), (3), and (5) we obtain

I (t)-[Sn ][1—exp( t /r, )]~, —.
A more detailed calculation shows that

(5)

(6)

I(t)-[Sn ]exp( w, /r, )[1 —exp(—t/r, )] . — (7)

The experimental data of Fig. 5(a) can be perfectly fit-
ted using Eq. (7) with r, =7+1 ns, the time to capture a
hole by an ionized tin acceptor. Using

(8)

an estimate of the hole capture cross section oz of tin can
be made. X~ —%~ of the particular Sn-doped sample of
Fig. 5(a) was 4.6X10' cm at 77 K and 5.2X10'
cm at 300 K. We assume that Sn is the dominant
donor —the residual donor concentration in nominally un-

doped samples grown under similar conditions is much
lower. Tin is ari amphoteric impurity with
[Sno,]/[SnA, ]=14. From the 77-K mobility value of
78 100 cm /Vs, we obtain, in conjunction with Fig. 3 of
Ref. 28 for the total donor concentration, [D]=8.7X 10'
cm, and for the total acceptor concentration,
[A]=3.5X10' cm . Then, [Sno,]=8.7X10' cm
and [Sn&,]=6.2X 10' cm . We assume further that the
mean temperature of the holes is 15 K, and that their ki-
netic mass is equal to the mean heavy-hole mass
m~ =0.64mo. Then, U,h

——(3kT/m~)' =3.3X10'
cm/s. Thus the hole capture cross section of Sn is found
to be

o~(Sn) =7.0X 10 ' cm

in qualitative agreement with the values found for other
hole traps in GaAs by DLTS. ' The precision of oz(Sn)
certainly could be improved by a direct quantitative deter-
mination of the total tin concentration'of the sample.

Similar arguments as above can be used to describe

where [X] is the concentration of excitons.
Figure 4 shows that the free-exciton concentration [X]

is close to being time independent on the ns timescale,
which is relevant here. Already at 2 ns we observe a
strong free-exciton peak but no sign of the tin bound exci-
ton. Qbviously the creation of free excitons from free
charge carriers is much faster. Ulbrich found under
somewhat different experimental conditions a free-exciton
creation time of 0.3 ns. Thus the time dependence of
[Sn,X] is governed by the time dependence of [Sn ]:

Sn +h ~Sn
The reaction equation (4) represents the capture of free
holes by ionized Sn acceptors, with

theoretically the excitation time dependence of the ( e, A )

luminescence intensity shown in Fig. 5(b). A capture time
of the hole into the shallow, effective-mass-like acceptor
of 12 ns is found. The energetic position'" and shape of
the spectrum clearly show that there is only one dominant
shallow acceptor present: carbon. The carbon concentra-
tion is 2.9&&10'" cm . Thus the hole capture cross sec-
tion of carbon is

cd(C) =8.7X 1'0 ' cm (10)
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The transients of the luminescence after the end of the ex-
citing pulse change in a still more striking way than the
spectra upon variation of excitation pulse length. Figure
6 shows the integrated luminescence intensity of the n

type sample of Fig. 4 as a function of time after excitation
by pulses of 2, 50, and 500 ns duration. The transients
obviously depend strongly on the pulse length, as long as a
quasi-steady-state is not reached. The transients do not
Uary any farther for excitation pulse lengths longer than 1

ps.
At a pulse length of 2 ns the intensity decays with a

time constant —= 1 ns. A comparison with the spectra of
Fig. 4(a) proves that this is the decay time of the donor
bound excitons (D,X) and (D+,X), in excellent agree-
ment with the values 1.07 and 0.8 ns, respectively, found
by Hwang. ' These times are the true lifetimes of the
bound excitons and not the capture times of free excitons
and/or free electrons and holes by donors. The capture
time varies inversely with trap density [see Eq. (8)], and
for different samples with different donor concentrations
different decay times would be expected.

The presence of strong bound-exciton luminescence
after excitation with (1—2)-ns pulses and its instantaneous
increase (on this timescale) upon excitation also proves in-
dependently that the bound-exciton creation via exciton
capture must be much faster, in contrast to Hwang's as-
sumption. ' Using pulses of increasing length the tran-
sients are increasingly influenced by the decay of the neu-
tral minority centers —the acceptors —via the ( e, A ),
(D,A ), and ( A,X) decay channels. The fast decay time
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after 500-ns excitation, r, =8 ns, found here, cannot be
understood on the basis of the results presented so far.
More results leading to a consistent interpretation will be
presented in Sec. IV A. The very slow decay at long times
after the end of excitation is due to slow (e,A ) and
(D,A ) recombination processes which will be discussed
in detail in the next section.

IV. THE DECAY FROM QUASIEQUILIBRIUM

In the preceding section we showed that a meaningful
interpretation of luminescence transients is at least diffi-
cult if not altogether prevented if the influence of the
pulse length on the relative population of the various ex-
cited states is not taken into account. Short pulse tran-
sients cannot be compared to or interpreted on the basis of
cw spectra. In this section spectra are reported which are
taken at various delay times after the end of a long pulse
with a typical length of 2 ps. The variation of the
luminescence intensity of different recombination process-
es with time is investigated. Capture and recombination
time constants of free electrons and holes are derived.
Figure 7 shows, on a semilogarithmic scale, time-delayed
spectra of a p-type sample taken at delay times of 0, 20,
and 50 ns after excitation, with a spectral resolution of 0.1

nm. The width of the time window is 10 ns and the exci-
tation density is 6 W/cm . At 0 ns delay the near-band-
edge luminescence (bound excitons and exciton X) is
slightly stronger than the neutral-acceptor —free- or
bound-electron recombination between 1.49 and 1.50 eV.
The linear high-energy tails of the (e,A ) and X bands
are indicative of Maxwellian distributions of electrons and
excitons. The temperatures of these distributions can be
directly derived from Fig. 7 as a function of delay time.
Detailed information on warm electron —acoustic-phonon-
interaction and the screening of this interaction is ob-
tained. This information is discussed separately. '
However, it should be noted here that electrons and exci-
tons, and thus also holes, have the same temperature (dif-
ferent from lattice temperature), as can be seen directly

from Fig. 7, in contrast to earlier assumptions.
With increasing time after the end of excitation, the

near-band-gap luminescence rapidly decreases, whereas
the (e, A ) and (D,A ) bands gain relatively in intensity.
At times as short as 20 ns after excitation, the band
( e, A ) completely dominates the spectrum. Later, the
pair band appears and becomes quite prominent with in-
creasing delay time. These qualitative changes of the
spectra are independent of excitation intensity.

Further insight is gained by monitoring the transients
of the spectra. In Fig. 8 the transients of the integrated
luminescence of the near band edge and of the sum of
(e, A )+(D,A ) luminescence are shown. The excitation
intensity here is 20 W/cm . The near-band-edge lumines-
cence decays 'approximately I order of magnitude faster
than the luminescence at longer wavelengths. During the
first few ns the decay of the integrated luminescence is
dominated by these fast processes, then the transients
display the much slower decay of the (e,A )+(D,A )

recombination.
A first qualitative conclusion can be immediately

drawn based upon Figs. 7 and 8. 50 ns after the excitation
is switched off, free electrons are still present, as is proved
unambiguously by the dominance of the (e,A ) recom-
bination line in the spectra. The excitonic lines, however,
have more or less disappeared. Consequently, free holes
are not present any more and the conductivity type is in-
verted from p to n At f. irst sight, this result is quite
surprising, since it is deduced from experiments on p-type
samples. One might expect that the minority carriers, the
electrons, disappear first. At temperatures as low as 5 K,
however, almost no free holes exist in thermal equilibrium
due to the comparatively large effective-mass acceptor
binding energy. Capture cross sections of ionized accep-
tors are found to be much larger than those of donors.
Thus free holes are captured by ionized acceptors before
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FIT+. 8. Comparison of the transients of the integrated
luminescence, the near-band-edge luminescence, and the
( e, A )+(D,A ) luminescence after the end of a 2-ps excitation
pulse.
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electrons are captured by ionized donors in n; and p-type
material as long as both types of ionized impurities are
present at not too different concentrations (X„—N—D+).
The actual capture times depend, of course, on the values
of N„and N + [see Eq. (8)].

(D+ X)

{D,X)
I

I, (A,X)"
I
I

I I

I
s

I
I

s

I I I

p-GaAs
No. 1

7( 45.3K

A. Free hole to effective-mass acceptor
capture times and cross sections

The time dependence of the near-band-edge spectra
after the end of excitation is now investigated and dis-
cussed in more detail. The lifetime of free holes and the
capture cross section of free holes by effective-mass ac-
ceptors is determined. It is found that the excited elec-
tronic states of the crystal relax in small steps via inter-
mediate states such as free excitons and bound-exciton ex-
cited states. Figure 9 shows on an extended energy scale
the near-band-edge spectra for a p-type sample at delay
times of 0, 8, 16, and 2S ns. The identification of the
rather well-resolved lines, ( A,X), ( D+,X), ( D ,X), -

(A,X)*, free exciton X, and donor excited state (D,h),
is given at the top of Fig. 9. The excitation intensity here
is 1 W/cm . At 0 ns delay time the system starts to decay
from a quasiequilibrium state. Approximately 40%%uo of
the total luminescence intensity of this group of lines is
due to the bound excitons (A,X) and (D+,X), whereas
the radiative decay of the free exciton and of the excited
state (A,X)* accounts for 60% of the light intensity.
%'ith increasing time this ratio changes and, at long delay

times, (A,X) and (D+,X) contribute relatively more to
the emission intensity. The intensity ratio
I((A,X))/I((D+, X)) is found to be time independent.

The pronounced relative weakening with increasing de-

lay time of X as compared to (A,X) is expected on the
basis of what was already stated above: free holes disap-
pear more rapidly than free electrons, thus inhibiting re-
generation of free excitons. Neutral acceptors and ionized
donors —which are both present in thermal equilibrium
and which are the final states of the (A,X) and (D+,X)
recombinations —on the other hand, quickly recapture ex-
citons. The neutral-acceptor bound-exciton excited state
( A,X)* apparently acts as an efficient intermediate state
in the series of steps of relaxation and capture processes.
With increasing time (A,X)* relaxes to the ground state
(A,X). This emission-recapture circular process is sus-
tained as long as holes exist. Thus the ultimate decay of
the entire ensemble of lines is governed by the hole life-
time. Both additional time constants of relevance here,
the capture time of excitons by impurities and the bound-
exciton lifetime(s), are much shorter, as found in Sec. III.
This conjecture is verified by a detailed investigation of
the transients. Figure 10 shows the time dependence of a
spectral window of 0.2 meV centered at 1.512 eV—the
spectral position of (A,X)—at three different excitation
intensities. Here, IO =20 W/cm . Two different decay
times are apparently superimposed. A rapid decay with

~& ——10 ns is followed by a much slower one with ~2 ——52
, ns. The time constant r& is given by the capture of free

holes. There are at least two competing capture processes
which contribute: (a) capture of holes by ionized accep-
tors, and (b) capture of holes by electrons (formation of
excitons). The latter process will be first excluded. It is a
bimolecular one. If it dominated the decay, the time
dependence of the luminescence intensity should be
nonexponential as long as the number of externally excit-
ed holes was larger than the thermal equilibrium number.
Figure 10 clearly shows —in particular, at the highest ex-
citation intensity Io—that the initial decay is exponential
(for a range of Io over 2 orders of magnitude). We thus
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in good agreement with the value derived independently in
Sec. III from an n-type sample.

The transients of the near-band-edge spectra of a num-
ber of n- and p-type samples are investigated in this way
and under identical conditions. Figure 11 compares the
results of two more samples, an n-type sample doped with
tin and another p-type sample having a somewhat larger
acceptor concentration than sample no. 1. Table I sum-
marizes the decay times of the near-band-edge spectra of
all samples for which spectra are presented here. The hole
lifetime of sample no. 2 is 3.5 ns. Assuming a similar
background donor concentration as in sample no. 1, we
obtain Nz ——1.2 & 10' cm and

0.~(C) =7.2X 10 ' cm (12)

conclude that the time constant ~& is dominated by the
capture of holes by ionized (carbon) acceptors. From a
theoretical point of view this process is also expected to
have a much larger cross section than the free-exciton for-
mation.

At a first sight, it is somewhat surprising that at longer
times another —longer —time constant ~2 starts to dom-
inate the decay. This time constant is again independent
of the initial excitation conditions, as can be clearly seen
from Fig. 10. As long as free electrons are present and as
long as the hole temperature T~ is larger than the lattice
temperature, the total capture rate of holes is slightly
larger than the thermal reemission rate of holes from neu-
tral acceptors. Thermal reexcitation of holes from bound
states leads to a preservation of bound-excitonic recom-
bination processes at a low and permanently decreasing
level as long as free electrons are present.

The capture cross section of the carbon acceptor, the
only acceptor present in the spectrum of sample no. 1, can
be deduced from r& using Eq. (8). The acceptor concen-
tration of this sample is 3 )& 10' cm . Using again a
temperature of the holes of 15 K and mq ——0.64mo,

o (C)=10.1)&10 ' cm

V)

]Q2
(U

p-GaAs

i N. 2

10 20
time {ns)

30 40

FIG. 11. Comparison of the transients of the near-band-edge
spectra of an n- and a p-type sample.

The smallness of the differ'ence between the three values
obtained for oz(C) here and in Sec. III is proof of the reli-
ability of our results and of the method. We find, for the
mean value,

0.~(C)=(8.7+2)X10 ' cm (13)

B. Free-electron recombination

The valence-band excess population decays more rapid-
ly than the conduction-band excess population for all

The error is estimated from the uncertainty in the deter-
mination of the true acceptor concentration, and there is
no obstacle to reducing this error in future experiments.
To the best of our knowledge this is the first time that the
hole capture cross section of an effective-mass acceptor in
GaAs has been determined.

TABLE I. Summary of capture times and capture cross sections of the different processes investigated here.

Capture
process

1 (AC )

2 (AC )

Type of
experiment

Onset of (e, C )

Decay of near-
band-gap lines

Sample
no.

Capture time
(ns)

12+3

10+ 1

Sample properties
Conductivity Majority impurity

type concentration (cm )

2.9X 10'

3X10'4

Capture
cross section

(cm )

8.7 X 10—'4

10.1 X 10-'4

3 (AC ) Decay of near-
band-gap lines

3.5+0.5 1.2X 10" 7 2X10

4 (ASn )

5 (e,D+)

6 (e,C)

Onset of (Sn,X)

Decay of (e,C )

Decay of (e,C )

7+1

22+2

2500+500

6.2X10"

8.7X10'4

3.5 X 10'

7x10-"

5 1X10

1.8X10 "
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samples investigated, after the end of external excitation,
independent of doping type, temperature, and excitation
intensity. Three recombination processes of free and
bound electrons eventually reestablish thermal equilibri-
um:

(e, A')

b}

nsI

(1) Capture of free electrons by ionized donors.
(2) Capture of free electrons by neutral acceptors
(3) Recombination of electrons bound to donors with

holes bound to acceptors (pair recombination).

Nf /Nb ——g exp( ET/kTI ),— (14)

has been reached. Xf and Nb are the numbers of elec-

Processes (1) and (2) compete to reduce the free-electron
density. Time-delayed spectra let us conclude that process
(1) is by far the faster, in agreement with theoretical pre-
dictions. ' ' Figures 12 and 13 show the ( e, A ) and
(DO, AO) recombination lines of an n and -p-type sample
0—540 ns after excitation at different temperatures. One
feature is typical for the spectra of both types of samples:
At short delay times the pair-band intensity shows a
strong relative increase with time. Then, after 150—250
ns this process reverses and ( e, A ) grows slowly with time
as compared to (D,A ). The rapid relative increase of
(D,A ) at delay times up to = 150 ns is due to a relative
increase of the number of electrons bound to donors as
compared to free electrons. This relative increase is, of
course, more pronounced in a p-type sample, which con-
tains no neutral donors in thermal equilibrium, than in an
n-type sample. The pmcess saturates after the thermal
population ratio,

(ns}
5CO

OJ
LJ

QJ
LJ
th
QJ

E

0 0

1.490 1.495 1.500 1.505 1.490 1.495 1.500 1.505
photon energy (eVI photon energy (eV}

FIG. 13. Time-delayed spectra of I'e, A0) and (D, A0) recom-
bination at t', a) 13 K and (b) 5.3 K in a p-type sample after the
end of a 2-ps excitation pulse.

trons in free and bound states, respectively, g is the densi-
ty of states ratio, ET is the thermal activation energy of
the donor, and TI is the lattice temperature.

At still larger delay times one might expect that both
recombination bands would disappear synchronously since
the relative occupation ratio Xf/Nb will remain constant
until the end of the recombination if T~ does not change.
Since the (e,A ) recombination rate is larger than the
(D,A ) recombination rate, the thermal population

'ratio is distorted and electrons must be permanently reex-
cited from donor sites to the conduction band to reestab-
lish the thermal population. With increasing time the to-
tal number of neutral acceptors and donors is reduced and
the mean distance 8 between recombining pairs is in-
creased. As a consequence, the mean photon energy of
the pair band,

540
Acu=Eg —ED —Eg+e /eR, (15)

420

240

decreases. ED and Ez are the donor and acceptor binding
energies, respectively. This red shift of the peak and the
synchronous disappearance of the high-energy tail of the
pair band is nicely visualized in Figs. 12 and 13. With in-
creasing distance R of the pairs, also the radiative recom-
bination probability is exponentially reduced:

100

40

1.5051.4SO 1J95 1.500

photon energy ( eV)

FIG. 12. Time-delayed spectra of (e, A ) and (D, A ) recom-
bination in an n-type sample at 5.3 K after the end of a 2-ps ex-
citation pulse.

8'Dz (R)= 8'Dz exp( —2R /aD ),
where aD is the Bohr radius of the donor. On the other
hand, the recombination probability of (e,A ) is not af-
fected by the decreasing number of free carriers, as far as
many-particle effects can be neglected. Thus at delay
times larger than 150 ns the intensity ratio
I((D,A ))/I((e, A )) decreases although the population
ratio Xf /Xb remains constant.

After a qualitative understanding of the processes
governing the free- and bound-electron recombination at
long delay times has- been reached, we shall now derive
capture cross sections for the capture of electrons by ion-
ized donors and neutral acceptors. Figure 14 shows the
transient of the integrated (e,A ) intensity of sample no. 3
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less precisely known acceptor concentration, we calculate
o.

, 0, -2&10 ' cm, in excellent agreement with the(e, Ao)

above results. Table I summarizes and compares the cap-
ture cross sections determined in Secs. III and IV of this
paper together with the relevant experimental parameters.

V. CONCLUSION

0 800 1200
time (ns)

FIG. 14. Transient of the integral (e, A ) luminescence inten-
sity of sample 3 (see Fig. 12) after the end of a 2-ps exci'tation
pulse.

400

(see Fig. 12 for comparison). The range of integration
covers the entire (e,A ) luminescence region.

The experimental points of Fig. 14 are well approximat-
ed by a sum of two exponential decays with different
weights, as shown by the straight lines in the figure. De-
cay times of ~I ——22.5+2 ns and of ~2 ——2.5+0.5 ps are
found, in qualitative agreement with decay experiments
under impact-ionization conditions by Bludau and
Wagner. ~& is the electron~ionized-donor capture time.
Assuming —as in Sec. III—a donor concentration
XD ——8.7&10' cm, a mean electron temperature of 15
K, and an electron mass m, =0.0665mo, we obtain
U,h ——(3kT/m, )' = 1 X 10 cm/s. The capture cross sec-
tion of the tin donor is therefore

o.
, +~(Sn)=(5. 1+1.1)X10 ' cm (17)

Similarly, the capture cross section of electrons by neutral
effective-mass acceptors is derived from rz, which is the
electron~neutral-acceptor capture (recombination) time,
using X~ ——3.5X 10' em . A value

o
~ „0~

——(1.8+0.5) X 10 ' cm (18)

results. A temperature of 6 K and a thermal velocity of
0.64&10 cm/s is used here. The systematic error of
o[ 0 is somewhat larger than that of o.

, +, for a num-
(e, Ao) (e,a+)

ber of reasons. The acceptor concentration is estimated
with less precision than the donor concentration. The de-
cay time of (e,A ) is influenced by the decay rate of the
pair band, which decays nonexponentially due to the R
dependence mentioned above. Since the free-electron
states are more rapidly depleted than the bound-electron
ones, but Xf/X& remains constant, permanently free car-
riers are reexeited, leading to a reduced decrease of the
free-carrier generation and to a somewhat increased "de-
cay time. " Finally, the sample also contains a smaH con-
centration of [SnA,], another acceptor Ets influ. ence is
most probably negligible since ~( 0) -E~.'

Using the 15-ps lifetime of the ( e, A ) transition found
by Bludau and Wagner in a sample with a smaller but

The kinetics of capture and recombination processes of
nonequilibrium electrons and holes in high-purity n- and
p-type GaAs are investigated in detail in a specially dev-
ised low-temperature cathodoluminescence system. The
fundamentals of the kinetics of relaxation and capture in
a direct-band-gap semiconductor are revealed for the first
time and the first determination of a number of capture
cross sections is presented.

Impurity-induced recombination paths are known to be
the dominant ones at low temperatures in zinc-blende
semiconductors. After excitation with pulses of a few ns
length, however, only centers which were present in
thermal equilibrium before excitation are found to contri-
bute to the recombination. These are, in p-type material,
neutral and ionized acceptors and ionized donors, but not
neutral donors; and in n-type material, neutral and ion-
ized donors and ionized aceeptors, but no neutral aecep-
tors. With increasing length of excitation the character of
the luminescence is found to change since minority
centers increasingly capture charge carriers and are neu-
tralized. Emission from a quasiequilibrium excited state
is found to occur only after long times of the order of 1

ps. Cross sections of capture of holes by the ionized
effective-mass acceptor carbon (E~ ——26 meV) and by the
ionized acceptor tin (E~ ——167 meV) are determined from
the onset of the corresponding luminescence in n-type
samples. These cross sections are ~(h —&C ) =8.7X 10
cm and r(h —+Snz, ) =7.0 X 10 ' cm .

Time-delayed spectra and luminescence transients taken
after the end of 2-ps-long exciting pulses display in great
detail the stepwise return to thermal equilibrium from the
quasiequilibrium excited state. The rapid intensity de-
crease of the near-band-gap emission which is observed in
n- and p-type samples is caused by the rapid capture of
free holes by ionized acceptors. Nonequilibrium holes
recombine or are captured much faster than nonequilibri-
um electrons independent of the conductivity type of the
material, since hole capture cross sections are orders of
magnitude larger, as seen in Table I. Capture cross sec-
tions of holes by the ionized effective-mass acceptor car-
bon are determined from the decay of the near-band-gap
emission for various p-type samples and found to agree
well with the cross sections determined from n-type sam-
ples.

At long times after excitation, the final steps of the re-
turn to equilibrium involve only free and shallow donor-
bound electrons, and holes bound to aceeptors. Cross sec-
tions of capture of free electrons by ionized effective-mass
donors and by neutral acceptors are derived from the tran-
sients of the (e,A ) recombination. These cross sections
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are w(e~D+)=5. IX10 ' cm and r(e~A )

=2X 10 ' cm (A =carbon here). The e~A capture
(recombination) is found to be the weakest by far of all
processes investigated. However, its cross section is still 2
orders of magnitude larger than the cross section ~„, for
nonradiative deep-level capture measured by Lang and
Henry. Bulk recombination in GaAs is predominantly
radiative.

Our data provide for the first time a reasonable basis
for comparison with advanced theories of capture cross
sections which should in the future take into account the

correct valence-band structure and acceptor wave func-
tions of zinc-blende semiconductors.
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