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Capture of hot holes by shallow acceptors in p-type GaAs studied
by picosecond infrared spectroscopy
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Picosecond recombination of free holes with shallow acceptors in p-doped GaAs is directly monitored
via spectrally and temporally resolved infrared studies. Neutral Zn impurities are photoionized by pi-
cosecond excitation in the wavelength range around 5 pm. The recombination dynamics of the free car-
riers with ionized acceptors is measured via transient changes of the acceptor deionization band at pho-
ton energies close to the band gap. Hole capture is observed on a time scale of up to 100 ps following
nonexponential kinetics. The data are analyzed with the help of model calculations considering single-
step as well as multiple-step trapping mechanisms. Emission of single longitudinal-optical phonons is
found to be the main mechanism of picosecond recombination.

I. INTRODUCTION

Capture of free carriers and ionization of shallow im-
purities in extrinsic semiconductors are fundamental
scattering processes between the continuum of the
valence or conduction bands and levels localized at the
impurity atoms. These transitions establish the respec-
tive equilibrium population of free and bound states at
low temperatures and/or high doping concentrations,
where a certain fraction of impurities are ionized. The
same mechanisms are relevant for the nonequilibrium dy-
namics of optical transitions between delocalized and
bound states such as band-to-acceptor luminescence' and
for charge transport at high electric fields. Repeated
trapping and ionization processes, involving the excited
states of the impurity atoms, reduce the conductivity of
the material and lead to generation-recombination noise
in semiconductor devices. '

Experimental studies have concentrated on stationary
transport or electrical noise measurements giving capture
cross sections for shallow donors and acceptors in silicon
and germanium. ' Much less information exists on the
microscopic dynamics of carrier capture. Nanosecond
trapping times have been deduced from time-resolved
transport experiments on n-type germanium and from
the photo Hall effect of p-type silicon. In GaAs, time-
resolved studies of impurity-related luminescence report
electron and hole capture on a time scale between 10 and
500 ns. The observed relaxation rates are mainly deter-
mined by the interaction between free carriers of low ki-
netic energy and acoustic phonons.

The experimental results have been analyzed with cas-
cade capture models, where trapping is described as a se-
quence of scattering events by which the free carrier is
transferred from the continuum to high-lying impurity
states. ' The amount of energy exchanged per scattering
event has a small value of several me V and-
correspondingly —cascade processes are dominated by
carrier-carrier scattering and by emission of acoustic
phonons. Detailed theoretical models have been

developed to account for multiple scattering and to calcu-
late cross sections of carrier capture. Recently, Monte
Carlo techniques have been applied to simulate the kinet-
ics of charge transport. ' "

In many cases, the energy separation of the impurity
ground state from the first excited state is significantly
larger than the amount of energy transferred per carrier-
carrier or carrier —acoustic-phonon collision. As a result,
repopulation of the impurity ground state requires a final
relaxation step with larger energy transfer. Radiative
transitions, Auger processes, and emission of optical pho-
nons' have to be considered as mechanisms relevant for
this single-step relaxation. ' ' In III-V semiconductors
like GaAs, the interaction of free carriers with optical
phonons is strong and enhanced capture rates are expect-
ed to occur if electrons and holes have sufficient energy to
emit longitudinal- (LO) or transversal- (TO) optical pho-
nons. The large energy of LO and TO phonons com-
pared to acoustic phonons allows a direct transition from
the continuum to the impurity ground state by emission
of a single (optical) phonon if the phonon energy is higher
than the ionization energy E„, of the impurity. This
process facilitates the efFective capture of high-energy
(i.e., hot) carriers and should —due to the strong carrier-
phonon coupling —occur on a very fast time scale. Very
recently, we have presented the first direct evidence of ul-
trafast capture of hot holes by shallow impurities in p-
type GaAs. ' We observed a nonexponential kinetics of
trapping on a time scale of several 10 " s ' which was
monitored by picosecond changes of the acceptor deioni-
zation band.

In this paper we present a more detailed study of hot
hole trapping in GaAs using picosecond infrared pulses.
The carrier dynamics is studied for different doping con-
centrations of the p-type crystals as well as for different
lattice temperatures between 10 and 70 K. In addition,
the absolute strength of the deionization band is deter-
mined both experimentally and by calculations of the ab-
sorption cross section extending the earlier treatment of
Ref. 1. The time-resolved data are analyzed by detailed
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II. EXPERIMENT

In our experiments we investigate two Zn-doped GaAs
crystals with respective acceptor concentrations of
X~ =7X10' and 2.3X10' cm . The samples which
are glued on BaFz substrates have a thickness of l = 10
cm. The crystals are attached to the cold finger of a
closed-cycle helium cooler allowing the variation of the
sample temperature between 10 and 300 K.

The schematic band structure of p-type GaAs in Fig. 1
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theoretical simulations considering several single- and
multiple-step mechanisms of carrier capture. Emission of
single longitudinal-optical phonons is found to be the
dominant capture mechanism for direct population of the
acceptor ground state.

The paper is organized as follows. After a brief
description of the experimental technique in Sec. II, the
experimental results are presented in Sec. III. Section IV
gives a qualitative discussion of the relaxation processes
initiated by photoexcitation in the infrared. In Sec. V, we
quantitatively calculate the acceptor deionization band.
The difFerent trapping mechanisms are discussed in Sec.
VI and the relevant capture rates are calculated and com-
pared with the data. Finally, our results are summarized.

illustrates the excitation and probe scheme of our time-
resolved experiment in an electron picture. The acceptor
ground state is marked by the dashed line. At low lattice
temperatures kz TL ((E„,= 30 meV (Ref. 16) (E„,: ac-
ceptor ionization energy), the acceptors are neutral ( 2 ),
corresponding to holes bound at the impurity atoms. An
intense infrared pulse excites electrons from the light-
hole band (LH) to the acceptor ground state:
h v„+e + 3 —+ 3, resulting in ionized, negatively
charged acceptor atoms and free holes in the light-hole
band which subsequently redistribute among different
valence-band states. Probe photons with an energy close
to the fundamental band gap promote electrons e to the
conduction band (CB): hv~, + A ~A +e . In the
probing process the negative charge of the acceptors is
canceled; thus the corresponding absorption band was
named the acceptor deionization band. ' Spectrally and
time-resolved measurements of this transient absorption
give direct information on the depopulation and repopu-
lation of the acceptor ground-state levels, i.e., on the ki-
netics of free hole-acceptor recombination.

In our investigation, we need two well-synchronized pi-
cosecond pulses at substantially different wavelengths.
Tunable excitation pulses in the wavelength range from 5
to 12 pm are generated by parametric frequency conver-
sion. Pulses of a mode-locked Nd:glass laser and the out-
put of a traveling-wave dye laser' working in the near in-
frared are mixed in a nonlinear AgGaSz crystal' to gen-
erate intense infrared pulses of 2 ps duration at the
difference frequency. For the picosecond probing pulses,
a white light continuum is generated by parametric four-
photon interaction in water using the fundamental of the
Nd:glass laser (A.=1.054 pm) as pump pulse. Probe
pulses at the required spectral position near the band
edge of GaAs are selected with interference fi1ters provid-
ing a spectral resolution of 8 meV. The temporal resolu-
tion of the experiment has a value of 2 ps. The excitation
density X„ is estimated from the intensity of the pump
pulse, the spot size, and the absorption coefficient of the
respective sample at the photon energy of the pump giv-
ing values around & =10'7 cm

In addition to the pump-probe experiments, we studied
the band-to-acceptor luminescence in steady state as well
as time-resolved measurements. The stationary lumines-
cence spectra and the quantum yield of the emission were
determined with an f =25 cm monochromator in con-
junction with a calibrated Si photodiode. The spectral
resolution was 2 meV. The luminescence decay times
were measured with a single pulse streak camera system
after picosecond excitation at 630 nm. The time resolu-
tion was 5 ps.

FICx. 1. Schematic of the band structure of p-type CxaAs indi-
cating the experimental technique used in the time-resolved
measurements. Intense infrared pulses photoionize the neutral
Zn acceptors 2 by promoting electrons e from the light-hole
(LH) band to the aceptor ground state. In this way, free holes
are created which are subsequently trapped by the 3 ions.
The momentary occupation of the acceptor ground state E„, is
monitored via the transient deionization band. The arrows
mark transitions of electrons.

III. EXPERIMENTAL RESULTS

A. Stationary absorption and luminescence spectra

p-type GaAs exhibits strong absorption bands in the
midinfrared spectral region. ' At lattice temperatures
TL )200 K and at low doping concentrations %z & 10'
cm, the majority of acceptors is ionized and the in-
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frared spectra are dominated by direct transitions of free
holes between the different valence bands [heavy-hole
(HH), light-hole, and split-off (SO) bands]. At low lattice
temperatures Tz & 100 K, part of the holes are bound to
the acceptor ions in hydrogenlike ground-state orbitals.
Now, the infrared absorption below the fundamental
band gap is governed by transitions of holes from these
localized states to one of the three valence bands. Fig-
ure 2(a) shows the stationary infrared absorption spec-
trum of the Zn-doped GaAs crystal with N~ =7X 10'
cm at TL =10 K. The absorption coefficient is plotted
on a logarithmic scale as a function of the infrared pho-
ton energy. The absorption between 350 and 500 meV is
due to transitions of holes from the acceptor levels (acc.)
to the splitoff'band (acc.~SO). In our experiments, the
transition of bound holes to the light-hole band
(acc.~LH) located between 0.1 and 0.3 eV serves for
(photo)generation of free holes. The photon energy of the
infrared excitation pulses is marked by the arrow E„.

The near-infrared absorption (solid lines) and emission
spectra (dashed lines) of the two samples are plotted in
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FIG. 2. (a) Midinfrared absorption spectrum of p-type GaAs
for a lattice temperature of Ti. =10 K (acceptor concentration
N„=7 X 10'" cm ). The two observed absorption bands are
due to the photoionization of neutral acceptors into the light
hole (acc.~LH) (see Fig. 1) and split-oA band (acc.~SO). The
spectral position of the picosecond excitation pulse is marked by
the arrow E,„. (b) Solid line: the absorption edge of p-type
GaAs (N~ =7 X 10' cm ) at TL = 10 K. Dashed curve: emis-
sion spectrum The electrons recombine with holes bound to
the acceptor ions [band-to-acceptor (BA) luxninescencej. (c) Ab-
sorption edge and BA luminescence of a Zn-doped sample with
a lower acceptor concentration of N& =2.3 X 10' cm

Figs. 2(b) and 2(c) for a lattice temperature of Tz = 10 K.
The absorption edge is due to transitions from delocal-
ized states in the valence band to the conduction band.
In contrast, the luminescence spectra are dominated by
recombination of free electrons with holes localized in the
acceptor ground state [band-to-acceptor (BA) lumines-
cence] whereas band-to-band recombination is negligible
at this low temperature. Correspondingly, the lumines-
cence spectrum peaks at AE =20 to 30 meV below the
fundamental band edge where AE is close to the acceptor
binding energy. The bandwidth of the emission spectra
ranges between 10 and 20 meV with a higher value for
the higher doping density.

The BA luminescence represents the counterpart to the
acceptor deionization band which is used in our experi. —

ments as a probe of the acceptor ground-state population.
The luminescence data give direct information on the
strength and the shape of the acceptor deionization band
as will be discussed in Sec. VB. The maximum of the
luminescence spectrum around E,= 1.510 eV indicates
the onset of the deionization band. The latter continu-
ously extends to higher photon energies due to allowed
transitions to the continuum states of the conduction
band (see Figs. 1 and 5).

B. Time-resolved measurements

Transient absorption changes in the range of the accep-
tor deionization band of the two samples were monitored
in spectrally and temporally resolved experiments. We
first present results for the crystal with an acceptor con-
centration of Nz =7X 10' cm . In Fig. 3, data record-
ed at a lattice temperature of TI = 10 K are presented for
photon energies E', of the probe pulses of (a) 1.505, (b)
1.509, (c) 1.512, (d) 1.520, and (e) 1.531 eV. The photon
energy of the excitation pulses was E„=240 meV
(A. =5.2 pm) as indicated by the arrow in Fig. 2(a). The
excitation density has a value of N„= 10' cm . On the
left-hand side of Fig. 3, the induced absorption
b, A = —1n(T/To) is plotted versus the delay time tD be-
tween the excitation and probe pulses (points). To and T
represent, respectively, the transmission of the sample
prior to and after excitation. The solid lines are the re-
sults of model calculations which wi11 be discussed below.

Independent of the value of E„„weobserve an increase
of absorption (b, A )0) within the time resolution of the
experiment. The signal decays on a time scale of 100 ps
following a nonexponential kinetics. At E„,=1

~ 520 eV
[Fig. 3(d)], the strongest absorption increase b, A =0.7 is
observed that decays quite slowly towards the stationary
absorption. Even at tD =100 ps a value of AA =0. 1 is
measured. The maximum AA is smaller at frequencies
below and above E,= 1.520 eV where shorter decay
times of the signal are found. Within the experimental
accuracy, data taken with a lower excitation density of
N„=5 X 10' cm exhibit the same kinetics at the
different spectral positions E,.

Qn the right-hand side of Fig. 3, our data are replotted
as 1/6 3 versus tD. In this representation, the data
points follow a linear time dependence (solid lines), with a
slope depending upon the probe energy E, ~ It is in-
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teresting to note that the intersection of the straight lines
with the abscissa occurs for all probe frequencies at a
common value of tz, ———6 ps. The linear relationship be-
tween 1/6 3 and tD corresponds to a 1/tD behavior of

Transient absorption changes were also studied with
the sample of the lower acceptor concentration of
N& =2.3 X 10' cm . The experimental results for four
different probe energies are shown in Figs. 4(a) —4(d). The
photon energy of the excitation pulses and the excitation
density have values of E„=150meV and 10' cm, re-
spectively. Qualitatively, we observe a similar temporal
behavior of the induced absorption as for the sample with
the higher doping concentration: The maximum value of

and the slowest decay rate are observed at
E,=1.520 eV IFig. 4(c)]. However, the overall relaxa-
tion rates found in this second sample are approximately
twice the rates for the first crystal with N~ =7X10'
cm

The spectral shape of the transient acceptor deioniza-
tion band was derived from the time-resolved data of
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FIG. 4. Time-resolved data of the sample with a lower accep-
tor concentration of X~ =2.3X10' cm for four difT'erent
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photon energy of the excitation pulses amounts to E,„=150
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FIG. 3. Time-dependent change of absorption of the accep-
tor deionization band after picosecond infrared excitation at
E„=240 meV (lattice temperature Tl =10 K). Left-hand side:
the increase of absorption AA = —ln(T/To) (solid circles) is
plotted vs the delay time tD between pump and probe pulses for
probe energies E~, of (a) 1.505, (b) 1.509, (c) 1.512, (d) 1.520, and
(e) 1.531 eV (To, T: transmission of the sample prior to and after
excitation, respectively). Right-hand side: The inverse signal
1/AA shows a linear behavior as a function of the delay time
with a slope depending on the specific value of E~„. The solid
lines are the results of model calculations.

Figs. 3 and 4. In Fig. 5, the induced absorption b, A (E, )

of the two samples is plotted versus the photon energy
E, for several fixed delay times (circles: 3 ps, diamonds:
10 ps; triangles: 40 ps, left-hand ordinate scale). The
corresponding absorption coefficient a = b, 2 /(X l) cal-

A
culated from the momentary density of ionized acceptors
N and the sample thickness I is indicated on the right-
hand side. The dashed lines which are in good agreement
with the experimental data represent calculated deioniza-
tion bands as will be discussed below. The stationary ab-
sorption spectra of the samples at Tz =10 K (solid lines)
are shown for comparison. The impurity-related absorp-
tion band rises close to the center of the band-to-acceptor
luminescence [see Figs. 2(b) and 2(c)], reaches a broad
maximum at about 1.530 eV, and slowly decreases to-
wards higher energies. For probe energies E, ~ 1.520
eV, the acceptor deionization band overlaps substantially
with the fundamental band-to-band absorption. Genera-
tion of free holes populating states close to the maximum
of the valence bands leads to a decrease of the band-to-
band absorption by band filling, i.e., an absorption
change 63~„&0. At E, ~ 1.520 eV, this transient
bleaching as well as the increase of the impurity-related
absorption contribute to the overall absorption change
b, A(E, ). As a result, the experimental points for this
high E „value in Fig. 5 are below the calculated deioni-
zation band. We emphasize that the transient absorption
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FIG. 5. (a) Transient acceptor deionization band 6 A vs pho-
ton energy for delay times tD of 3 ps (solid circles), 10 ps (dia-
monds), and 40 ps (triangles), derived from the picosecond mea-
surements of Fig. 3 (N„=7X10' cm ', TL =10 K). Dashed
lines: calculated frequency dependence of the transient absorp-
tion band. The measured absorption spectrum of the p-type
GaAs sample is shown for comparison (solid line). (b) Time
evolution of the deionization band for the sample with lower ac-
ceptor concentration of N& =2.3X10' cm ' (Fig. 4) at three
different delay times tD of 3, 10, and 30 ps.

band decays without changing its shape [dashed lines in
Figs. 5(a) and 5(b)], i.e. , the absorption change at diff'erent
probe energies (see Figs. 3 and 4) refiects the same relaxa-
tion dynamics of the photoexcited carriers.

Additional time-resolved measurements were per-
formed at higher lattice temperatures T~. For the sam-
ple with X~ =7X10' cm, the transient absorption
change b. A(tD) at a probe frequency of F. , =1.512 eV is
plotted in Fig. 6 for three di6'erent lattice temperatures of
(a) 10, (b) 50, and (c) 70 K (excitation energy E,„=240
meV). We find again a linear relationship between the in-
verse absorption change 1/AA and the delay time tD.
The smallest decay rate is observed for the lowest lattice
temperature of Tz =10 K. A similar behavior is noticed
for the sample with the lower acceptor concentration of
Xz =2. 3 & 10' cm

IV. DISCUSSION

%'e now wish to discuss the diQ'erent relaxation pro-
cesses which the holes undergo after infrared excitation
from the initially neutral acceptors to the light-hole band.

(i) Immediately after photoexcitation, the nonequilibri-

FIG. 6. Transient absorption change 62 (tD ) vs delay time at
Ep 1 5 12 eV for three different lattice temperatures TL of (a)
10, (b) 50, and (c) 70 K (doping concentration Xg =7X10'
cm ', excitation frequency E„=240 meV). The dashed line in

(a) represents the capture kinetics calculated from a theoretical
model of Auger recombination.

um distribution of holes transforms to a quasiequilibrium
distribution in the delocalized continuum states of the
HH and LH valence bands. Carrier-carrier scattering
and the interaction of holes with optical phonons
represent the most eKcient scattering processes for this
thermalization of the carrier distribution. Carrier-carrier
scattering at densities between 10' and 10' cm results
in equilibration of the holes in each band within 100 fs as
was found both experimentally ' and in Monte Carlo
simulations. ' Inter-valence-band scattering via the
polar-optical interaction and via the optical deformation
potential occurs on a similar time scale. Both relaxation
processes are completed well below one picosecond, i.e.,
within the time resolution of our present experiments.

(ii) The two scattering mechanisms mentioned in (i) re-
sult in a randomization of the excess energy supplied by
the exciting infrared photon, i.e., a hot quasiequilibrium
distribution with a temperature Tz higher than the lat-
tice temperature (Tc ))Ti =10 K) is formed. Successive
intraband emissions of LO and TO phonons transfer the
excess energy rapidly to the lattice. Several time-resolved
measurements on hole cooling in intrinsic and n-doped
GaAs reveal very high-energy loss rates of several hun-
dreds of meV/ps and a decrease of Tc from hundreds of
kelvins to less than 50 K within the first 5 ps after excita-

n 2s, 28 —3o The remaining small excess energy of the
carriers is transferred to the lattice predominantly by
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emission of acoustic phonons, a relatively slow process
that takes several hundred picoseconds. '

(iii) Finally, the photogenerated excess population of
free holes decays by recombination with negatively
charged acceptors. This last relaxation step is directly
monitored in our measurements taking the strength of
the deionization band as a measure of the momentary
population of the acceptor ground state. The nonex-
ponential decay of the transient absorption in Figs. 3, 4,
and 6 that occurs on a time scale of several tens of pi-
coseconds allows a quantitative analysis of the dynamics
of hole capture.

Different possible capture mechanisms will be detailed
in Sec. VI. In the following, we consider the overall cap-
ture rate in a quantitative way. The change of the density
of free holes with time, dp/dt, is proportional to the den-
sity of free holes p (t) and to the density of unoccupied
acceptors N„(t)=p(t) Thi. s fact is expressed by the
(nonlinear) differential equation for the time-dependent
free hole density p(t):

I,„(t)
rrttt (E,„)(N„p) —C«,~ (—Tc )pdt E,„

b, A (t,E„,)
1 Ctrap

(3)

This linear time behavior of 1/AA with a slope depend-
ing on C„,„and the absorption cross section o d„,„(E „)
is in accordance with our experimental findings. The
solid lines in Figs. 3 and 4 are calculated from Eq. (3)
with a single value of C„, for each sample and with the
frequency-dependent cross section crd„,„(E,) of the ac-
ceptor deionization band. The extrapolation of the calcu-
lated curves at different probe frequencies to
I/b, A(to, E,)=0 gives a common intersection of
to= —(C«,zpo) '. At TL =10 K, we find to= —6 ps and—3 ps for the two samples with the higher (cf. Fig. 3) and
the lower (cf. Fig. 4) acceptor concentration, respectively.
With those numbers and with the initial hole density of
p0=10' cm, one estimates C«,~

-—(1.5+0.6)X10
cm /s for the high acceptor concentration and
C,„, =(3.3+1.3)X10 cm /s for the lower density of
impurities. The experimental error is mainly determined
by the uncertainties of the carrier concentration po and
by the accuracy of the zero point of the time scale
(affecting to).

+G,h„(TL)(N~ —p) .

The first term on the right-hand side of Eq. (1) describes
the photoionization of the impurities where N O=N„—p
is the momentary density of neutral acceptors A, I,„(t)
is the time-dependent intensity of the excitation pulse,
and rr ttt (E,„) represents the cross section of the
acc.~LH transition [see Fig. 2(a)]. The generation term
is appreciable only during the 2-ps excitation pulse. The
trapping rate of free holes is determined by the parameter
C„, (Tc) which depends on the distribution of holes in k
space, i.e., for a quasiequilibrium distribution on the tem-
perature of the free carriers Tc. It should be noted that
C„, is independent of the density of free holes p(t) (see
also Sec. VI B). The third term on the right-hand side of
Eq. (1) represents the rate of thermal generation of free
holes where neutral impurities are ionized by interaction
with the optical-phonon bath of the crystal. (Acoustic
phonons can be neglected because of the relatively large
acceptor binding energy of 30 meV. ) G,h„ is propor-
tional to the population of the optical-phonon branches;
it can be neglected for the phonon populations occurring
in our experiments at low lattice temperatures (see also
Sec. VI C). Considering the time interval after the excita-
tion pulse and assuming a constant carrier temperature
Tc during hole capture [see (iii) above], Eq. (1) is solved
by the expression
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where po is the initially generated density of free holes at
t =0. The measured change of absorption
b, 2 (E „t) = —ln( T/To ) =p ( t)o d„,„(E,)I is proportion-
al to p (t), with the frequency-dependent cross section of
the acceptor deionization band crd„,„(E„„)and the sam-
ple thickness l =10 pm. Correspondingly, the inverse
absorption change 1/6 2 obeys the equation

FIG. 7. (a) Calculated radial wave functions of shallow accep-
tor ground states in p-type GaAs are plotted vs the distance to
the impurity center. f{r) is the radial function of the S-wave
symmetric part and g(r) of the D-wave symmetric part of the
effective mass impurity wave function. (b) Calculated absorp-
tion cross section of the acceptor deionization band as a func-
tion of photon energy (dashed line). The solid line represents
the convolution of this spectrum with a Gaussian profile of a
width of 19 meV accounting for the inhomogeneous broadening
of the optical transition.
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The absolute values of C„, are derived with better ac-
curacy from the slope of the inverse absorption change
d(b, A) 'Idt and the frequency-dependent cross section
of the deionization band od„,.„(E,) according to Eq. (3):
C„, =[d(b, A) '/dt]o. d„,„(E„,)l. The absorption cross
section crd„,„(E~,) which will be discussed in detail in
Sec. V B is plotted versus the photon energy E, in Fig.
7(b). The data taken at TL = 10 K give C„,„=(1.5+0.3)X10 and (3.3+0.8)X10 cm /s for the
two samples with the higher (cf. Fig. 3) and the lower (cf.
Fig. 4) acceptor concentration, respectively. For higher
lattice temperatures (see Fig. 6), the deduced trapping pa-
rameters become distinctly larger. The results for
different carrier temperatures T& are summarized in Fig.
9 (solid circles: acceptor concentration N~ =7 X 10'
cm; and open circles: N„=2. 3 X 10' cm ). The cap-
ture rates will be analyzed and compared to model calcu-
lations (lines in Fig. 9) in Sec. VI.

V. QUANTITATIVE ANALYSIS

A. Acceptor wave function

The calculation of the optical dipole matrix elements
and the scattering rates between delocalized states in the
valence bands and the ground state of the acceptor re-
quires a quantitative model for the acceptor wave func-
tion. Different to shallow donors in GaAs, the shallow
Zn acceptors have a larger binding energy of E„,=30
meV (Ref. 16) and highly localized wave functions with
an effective Bohr radius of the ground state of a& ——18 A.
The geometrical size of the orbitals determines the
volume of the acceptor levels in k space. A radius of
az =18 A corresponds to a broad wave-vector interval of
0 ~ k ~ 10 cm '. As a result, k conservation is possible
for coupling between continuum states within this wave-
vector range and the acceptor ground state.

The diameter of the ground-state orbital of the Zn ac-
ceptor is large compared to the lattice constant of the
GaAs crystal. Therefore the corresponding wave func-
tion can be derived with good accuracy in the effective
mass approximation for the bound hole. Here the
valence-band structure with two strongly warped (non-
spherical) subbands (HH and LH) of different effective
masses [mHH =0.56mo and m„H =0.074mo for GaAs
(Ref. 32)] has to be taken into account. The calculations
presented in the following are based on the formalism
developed in Ref. 33. The most general acceptor Hamil-
tonian ' consists of two terms: a first strictly spherical
part and a second component comprising the cubic con-
tributions (warping of the valence bands) as a perturba-
tion. The impurity ground state is very well approximat-
ed by the spherical model. The Hamiltonian can be
thought of as describing a modified hydrogen atom per-
turbed by a "spin-orbit" interaction which couples the
orbital and spin spaces to the total angular momentum
F=L+J (the "spin" of the holes has a value of J=—,'
with Jz=+ —,

' in the case of heavy holes whereas Jz=+—,
'

for light holes). Accordingly, the acceptor states are
classified following the L-S coupling scheme known for

XiJ= —,',J, =F, L,—) . (4)

YLM ( 8, P ) are the spherical harmonics,
CL J FF =(,L =2,J= 3,L„J—, ~J, L,F= '„F, ) —are the

Clebsch-Gordan coefficients, and
~
J=

—,', J, ) represents
the cell periodic parts of the wave function (contributions
of the different valence bands HH and LH). The spin-
orbit term couples only hydrogenic states for which
EL=0, +2 and, thus, the acceptor ground-state wave
function consists of S-wave symmetric as wel1 as D-wave
symmetric functions. The corresponding general radial
functions f (r) (S wave) and g (r) (D wave) have been cal-
culated using the parameters for GaAs (Ref. 33) and are
plotted as a function of the distance to the impurity
center in Fig. 7(a). The main part of the efFective mass
acceptor wave function is S-wave symmetric If (r) ] and is
very close to a 1S hydrogen wave function with an
effective Bohr radius of az =18 A.

B. Photodeionization of shallow acceptors

In our experiments, the deionization band of the accep-
tors serves as a probe of the momentary population of the
acceptor ground state. The quantitative analysis of the
trapping parameter C„, introduced in Eq. (1) requires
the absolute value of od„,„(E&,) at the different photon
energies Ep of the picosecond probe pulses. In the fol-
lowing, we determine the magnitude of o z,;,„(E~„).

(i) The spectrally integrated oscillator strength of the
deionization band is derived from a measurement of the
radiative lifetime ~&A of the band-to-acceptor lumines-
cence. This emission is the reverse process of the photo-
deionization of negatively charged impurities and is
governed by the same matrix element [cf. Figs. 1, 2(b),
and 2(c)]. The principle of detailed balance requires that
the rate of radiative recombination at thermal equilibri-
um is equal to the corresponding rate of generation of
electron-hole pairs via the same transition. For transi-
tions between the acceptor levels and the conduction
band, the recombination rate R'"(T) and generation rate
G'q(T) are given by

BA( T)

=G'q( T)

dfico(fico) crd„,„(fico)=N'q (T)
c 0 exp(fico/kii T)—1

(5)

where n' (T) and N' (T) are the equilibrium densities

of electrons and ionized acceptors, respectively. At low
temperatures (k&T ((E„,), only a small fraction of the

atomic systems. The wave function for the ground state
of the acceptor is given by

&0(1SF—3~i):f(r) Yoo(0 p)~J: 3i J:F )

+g(r) y Y2L (~ y)C L,J,F, F
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Equation (8) neglects mechanisms leading to a spectral
broadening of the deionization band. Scattering process-
es due to carrier-carrier, carrier-impurity, and carrier-
phonon interaction cause dephasing of the dipole transi-
tion (dephasing time T2) resulting in a homogeneous
broadening. In addition, the statistical fluctuations of the
acceptor density in the GaAs crystal lead to changes of
the overlap between the wave functions of neighboring
impurities modifying the acceptor binding energies (inho-
mogeneous broadening). The overall broadening b,E is
estimated from the linewidth [full width at half maximum
(FWHM)] of the BA luminescence which is subject to the
same mechanisms. We obtain AE =19 meV for the sam-
ple with Nz =7 X 10' cm and AE = 13 meV for
N„=2.3 X 10' cm . (The bandwidth of luminescence
due to the finite width of the electron distribution in the
conduction band is negligible compared to these values. )

The solid line in Fig. 7(b) represents the convolution of
the spectrum calculated from Eq. (8) (dashed line) with a
Gaussian profile of AEF~HM = 19 meV.

The normalized spectrum of Fig. 7(b) (solid line) was
used in the integral of Eq. (5) to determine the absolute
values of o d„,„(E,). For both samples, we obtain
trd„,„(1.53 eV)=2.2X10 ' cm for the maximum of the
deionization band at 1.53 eV. For a density of ionized
acceptors N„=5 X 10' cm, one calculates an absorp-
tion coefficient a = 1000 cm

impurities are ionized and the equilibrium densities are
calculated in Boltzmann approximation:

3/2
mcaka T

2m62
(6)

p Egyp

k~T
n'~( T) =2 exp

' 3/2
mHHk~ T

2m62
p

P

(7)

N~ is the total acceptor concentration and g~ =4 is the
spin degeneracy of acceptor ground states IS3/2 [see Eq.
(4)]. The evaluation of Eq. (5) shows that the radiative
lifetime of the BA luminescence ~B~ is nearly indepen-
dent of the temperature T(for T((100 K) and of the ac-
ceptor binding energy E„„but depends on the cross sec-
tion of the deionization band crd„,„(E,). Thus a mea-
surement of zBA gives quantitative information on

od„,„(E„,). The radiative lifetime rBA was experimental-
ly determined by measuring the quantum efficiency
'IJBA r) IrBA and the luminescence decay time
with a calibrated luminescence detector and a picosecond
streak camera system, respectively. We obtain a radia-
tive lifetime of ~B~=0.35 ns for the sample with the
higher doping concentration (Nz =7 X 10' cm ) and
~B~=1.13 ns for the crystal with Nz =2.3X10' cm
Within the experimental accuracy, the ratio of two radia-
tive lifetimes is equal to the ratio of the corresponding ac-
ceptor concentrations, as predicted by Eq. (5).

(ii) The spectral envelope of the deionization band was
calculated within the theoretical framework developed in
Refs. 1 and 37. The frequency-dependent absorption
cross section o d„,„(E~,) is given by

VI. MECHANISMS OF HOT HOLE CAPTURE

Capture of free holes is equivalent to a transition of the
carrier from continuum states to localized levels of the
impurity atoms. For acceptor concentrations above 10'
cm, high-lying levels of the impurity atoms show a sub-
stantial spatial overlap resulting in a delocalization of
carriers. Consequently, those states are part of the (delo-
calized) continuum. In our present work, we concentrate
on the repopulation of the acceptor ground state which is
directly monitored via transient changes of the deioniza-
tion band. In the microscopic capture process, the excess
energy of the free hole relative to the impurity ground
state is transferred to other free carriers or to the lattice.
In addition to the total energy, the k vector must be con-
served within the finite width of the impurity ground
state in k space. Two types of mechanisms have to be
distinguished. (i) Cascade-type trapping corresponds to a
multiple-step relaxation where small amounts of energy
(a few meV) are released by transitions from the continu-
um to the (closely spaced) excited levels of the acceptor
atoms. ' This type of trapping, which is mediated by
carrier-carrier scattering or by acoustic-phonon emission,
is important for the population of excited acceptor states.
However, the transition rates are negligible for an energy
separation of the levels involved that is larger than the
average amount of transferred energy of several meV.
Consequently, cascade processes cannot account for the
repopulation of the impurity ground state which —for Zn
acceptors —is approximately 20 meV below the first ex-
cited state. (ii) Carrier capture is also possible by single-
step transitions where the total amount of excess energy
is transferred to a third (quasi)particle. In Fig. 8, three

(8)

Mz„,„(k) represents the k-dependent dipole matrix ele-
ment of the transition between the impurity level and the
final state in the conduction band (Fig. 1). This quantity
is related to the dipole matrix element Mcz(k) of the
band-to-band transition by

Md„,„(k)=Mcv(k)( Vf ~%'; ),
where the second factor on the right-hand side represents
the overlap integral of the effective mass envelope wave
functions qi; (acceptor) and 4f (conduction band). In
Refs. 1 and 37, Mc~(k) is assumed to be constant and
the overlap factor is calculated with a hydrogenlike +,.
and a plane wave +f. In our improved calculation, we
introduce the k-dependent interband matrix element of
Ref. 38 and the acceptor wave function of Eq. (4). The
normalized deionization band calculated in this way is
plotted in Fig. 7(b) (dashed line). The spectrum starts at
the center of the BA luminescence [Figs. 2(b) and 2(c)],
reaches its maximum for a photon energy of E,=1.53
eV, and decreases slowly to higher photon energies.

crd„.,„(A'co) =—g ~Md„.,„(k)~
6(EcB(k)—E„, fin) ) . —C

CO
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G)
C

LIJ

n %co=2gtrap photo
HH

2

(10)

r„(E)

Q)

0
—imh* represents the effective mass of the holes; U& is

the inverse hole velocity averaged over the distribution
function of free holes. It should be noted that this pro-
cess favors the capture of low-velocity, i.e., cold carriers.
F n =E and T =50 K one estimates tr'apor 6) ace all c
=5 X 10 ' cm /s. This value is several orders of magm-
tude smaller than the experimenta We conclude
that —with radiative trapping being negligible-
nonradiative processes dominate the capture dynamics
observed in our measurements.

Th t of holes via emission of plasmons is alsoe cap ure
ne li ible in our experiments. Even for ionization o a
impurities in the sample (p =7 X 10 cm, pcm ) the lasmon

= 10 meV is significantly less than the ac-energy cuplasma

ceptor binding energy E„,=30 meV.

Acceptor Level-
LOAuger

Photon phonon

FIG. 8. Schematic of three single-step recombination mecha-
nisms of free holes h with negatively charged acceptor ions Zn
illustrated in a simplified valence-band structure of p-type
GaAs: (a) solid arrows: Auger recombination; (b) zigzag arrow:
radiative trapping; c o e; ( ) d tted arrow: capture of free holes via

l - t' l honons. Left-hand side: distributionemission of polar-optica p onon ~

function of free holes f„(E) in the valence bands HH and LH.
The capture rate via LO-phonon emission depde ends on the occu-
pation f~(E„) of valence-band states with a hole energy of
Eq =Er o —E„,.

possible mechanisms are depicted schematica11y: radia-
tive recombina ion y

b' t' b emission of a far-infrared p oton,

cal phonons. In the following paragraphs, the capture
rates associated with these processes are analyzed quanti-
tative y.
nons represents the dominant capture mechanism in our
experiments.

B. Auger recombination and impact ionization

= —O'A„„P = —AA„„P
A

where the density-independent trapping parameter AAu «
is introduced. Equation (11)has the solution

1/2
1

P 0 +AAuger~
(12)p(&)=

2).which differs markedly from the 1/t behavior of Eq.
A crude estimate of the Auger parameters AAug«

which significantly overestimates the Auger rates has
been presented in Refs. 17 and 41:

The excess energy of the hole to be trapped can be

valence-band state of higher energy. The Auger capture
rate Aug« iS Prroportional to the concentration of vacant
impunties anX d to the density of free holes

(r) =N (r). Considering the time interval after the ex-p t=
citation pu se, we1 we obtain the differential equation

A. Radiative trapping

4 m 4(4 gg2)3
AAuger

g 3
(13)

Th t rate due to spontaneous emission of far-T e cap ure
infrared photons is determined by the probabi ity o ra i-
ative transitions o et the acceptor ground state. The latter
is proportional to the cross sect ph t hion o. of the inverse
process, t e p oh h toionization of neutral impurities [see

~ ~ ~

also Fig. 2(a)]. Near the threshold of photoiomzation
is estimated from the photoionization( fi~ =F.„,), cr „„,is es ima

17of a hydrogenlike system and is given by
Q 2

e a~
(9)

3 exp4

a~ is the effective Bohr radius of the impurity wave func-
tion and n is the refractive index of the host crystal. T e

C" of radiative recombination is
obtained according to the principle of detailed balance:

Using the relevant parameters for p-type GaAs
=12 6 d a*=18 A) in Eq. (13), one esti-(mh*=mHH, e= . , an
=10 /s for the capture of heavymates

holes. The dashed line in Fig. 6(a) represents the inverse
r cr (E )l] as cal-absorption change 1/b, A (r) = 1/[p (r)o deion pr

culated with the help of Eqs. (12) and (13) with pc =10'
cm . A comparison between the calculated dashed ine
and the data points shows that Auger recombination is
not the relevant trapping process in our investigation.
The slo e of the calculated curve decreases substantially
at later delay times, a behavior not found in the experi-

with excitation density. Our data taken with reduced ex-
( = 5 X 10' cm ), however, exhibit thecitation density po =
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same kinetics of 63 as the measurements for higher den-
sities. The capture of holes via Auger processes is partly
compensated for by impact ionization of neutral accep-
tors. Inelastic collisions of photoexcited holes of an ener-

gy EI, )E„,with neutral acceptors promote bound holes
to continuum states. Significant rates of impact ioniza-
tion only occur for large densities of free holes

p 5 X 10' cm, a situation which barely exists during
the picosecond excitation pulse. Thus impact ionization
of neutral impurities might play a limited role during the
excitation pulse of 2 ps duration, but can be neglected at
delay times longer than 5 ps.

The matrix element on the left-hand side is taken between
the initial continuum state i and the final acceptor ground
state f. C(q) represents the coupling strength between
the carriers and the optical phonons which comprises the
polar-optical interaction [Eq. (15)] and the deformation
potential [Eq. (16)] (Ref. 17):

2~e AcuLo
Cp„(q) =

V

1 1 q

q (q +qo)
(15)

Dopk
Cd, r(q) =

2p VQ)op
(16)

and e, are the high-frequency and static dielectric
constants of GaAs, respectively. The polar-optical cou-
pling shows a 1/q dependence (q: phonon wave vector),
modified by the last term of Eq. (15) which accounts for
screening (qo: screening vector). In the case of polar-
optical scattering [Eq. (15)] the holes only interact with
LO phonons, whereas both LO and TO phonons are in-
volved in scattering processes via the deformation poten-
tial Dop [Eq. (16)].

The respective phonon emission and absorption rates
are proportional to [nop(q)+1] and nop(q), where
nop(q) represents the occupation probability of phonon
states at the wave vector q. The equilibrium population
of the optical-phonon branches is given by the Bose-

C. Hot hole capture via emission of optical phonons

The energy of transversal- (A'coTo=34 meV) and of
longitudinal-optical phonons (RcoLo=37 meV) exceeds
the ionization energy E„,=30 meV of the Zn accep-
tors. ' Thus transitions between delocalized states in the
continuum and the impurity ground state are possible by
absorbing (ionization) or emitting (capture) single optical
phonons (OP). The capture rate is determined by the
strength of carrier —optical-phonon coupling and by the
population of the continuum states lying one phonon en-
ergy above the impurity ground state. The latter is de-
picted schematically by the Boltzmann tail on the left-
hand side of Fig. 8. For a thermalized carrier
distribution —as in our picosecond experiments —the
hole population is determined by the carrier temperature.
The strength of the hole-phonon (ep) interaction is given
b 17

1&flH,~ li &I'=C(q)[nop(q)+ —,
'+

—,']I'(f, i)lG(q, k)l' .

(14)

Einstein exPression n op(q)=[exP( riitt) Lp To/kTI ) 1]
For a lattice temperature of TL =10 K, nop(q) ((1, i.e. ,
the rate of phonon absorption (impurity ionization) is
negligible compared to the capture rate.

The quantity I (f, i) in Eq. (14) is the square of the
overlap integral between the periodic parts of the final
(f) and the initial (i) wave function. The last term in Eq.
(14) corresponds to the squared overlap integral of the
slowly varying envelope parts q'f(r) and %, (r) (effective
mass approximation) and the phonon wave function
exp(iqr):

G (q, k) = f d V %f(r)exp(iqr)%, (r) . (17)

The initial wave function ql;(r) is a delocalized plane
wave in one of the valence bands (HH or LH) which can
be expanded into a series of functions each having a
different angular momentum of orbital motion:

'P, lr) = —exp(ikz)
1

V

1
oo

i &4m(2L + 1j)I (kr) Y'Lo(8, $) .
V 1.=0

X 5(Eh E flcoop)'
(19)

The sum in Eq. (19) runs over all possible final states, i.e.,
the different degenerate states of the acceptor ground lev-
el E„, labeled by quantum number F, [see Eq. (4)] and
the integral extends over the optical phonons with
different wave vectors q. The 6 function in the integral
assures energy conservation, i.e., only holes with a kinetic
energy of Ez =Aesop —E„,undergo a transition to the ac-
ceptor ground state. The capture rate W(Eh ) is propor-
tional to the concentration of ionized impurities N

The trapping parameter C„,„ is calculated by averag-
ing the capture rate W(Eh ) of Eq. (19) over the
temperature-dependent distribution function fh (Eh, Tc )

of free holes in the HH and LH bands:

1 oof dEhD (Eh )fh (Eh Tc ) W(Eh ) .
HH, LH

(20)

In Fig. 9, different curves of C~o, (Tc ) calculated from
Eq. (20) are plotted as a function of carrier temperature

The radial functionsj I (kr) are the spherical Bessel func-
tions of the order L and YLO(8, $) are the spherical har-
monics. The final wave function qlf(r) is the localized
ground-state orbital given by Eq. (4). The overlap func-
tion G(q, k) which is obtained with those wave functions
allows us to calculate the energy-dependent capture rate
W(Eh ) with the help of Fermi's "golden rule" including
both polar-optical and deformation potential scattering:

W(Eh ) = & —&,f d'ql &flH„ I
i & I'

(2 )3
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Tc for several values of ELo E„, (with E—Lo =37 meV).
The capture parameter increases strongly with tempera-
ture because of the larger population of the relevant
states in the valence bands. C„, depends markedly on
AE=E„Q —E„,. For large values of AE, hole capture
originates from higher-lying states in the valence bands
where a smaller population gives rise to a reduced value
of C„, . The absolute values of C,„,„are in the range of
several 10 cm /s resulting in capture rates
W„,„(Tc)=C,„ofseveral 10' s ' for a hole density
of po = 10' cm . A more detailed inspection shows that
those high trapping rates are mainly due to the polar-
optical interaction favoring the emission of phonons with
small wave vectors q. The q-independent deformation
potential contributes only 10% to the overall capture
rate.

The trapping rates calculated for optical-phonon emis-
sion compare very well with our experimental results,
reproducing the correct order of magnitude of C„, . We
conclude that emission of single optical phonons
represents the main mechanism of hole capture on a time
scale of several tens of picoseconds. In Fig. 9, experimen-
tal data for the two samples with higher (points) and
lower doping concentration (open circles) are directly
compared with the calculated curves. For a lattice tem-
perature TL ~40 K, the carrier temperature Tc is practi-

FICx. 9. Trapping parameter C„p calculated for hole trap-
ping via emission of optical phonons as a function of the tem-
perature of free holes {lines). C„,~ is plotted for three different
hole energies Ez above the minimum of the continuum states
Ez =E„o—E„,{energy of the LO phonon E« = 37 meV). The
symbols give the values of C,„,~ deduced from the time-resolved
experiments at different lattice temperatures TL for
X~ =2.3X10" {open circles) and 7X10' cm ' {solid circles,
Fig. 6), respectively.

cally equal to TL. At TL =10 K, the holes remain at
Tc ) TL because of the slowing down of intraband cool-
ing by emission of optical phonons. We estimate an ap-
proximate value of Tc-—35 K during the time interval
over which capture occurs (see also Sec. IV). The trap-
ping parameters derived for the sample with higher dop-
ing concentration (solid circles) are close to the curve cal-
culated for E„Q—E„,= 14 meV corresponding to
E„,=23 meV, whereas the higher trapping rates for the
lower acceptor density (open circles) are better repro-
duced by the calculation with ELQ —E„,=11 meV, i.e.,
E„,=26 meV. Those E„,values are somewhat smaller
than the ionization energy E„,=30 meV which was
determined by infrared studies of samples with a very low
(net) p doping below 10' cm, i.e., fully isolated accep-
tors. ' This observation is rationalized as follows. In our
samples with a doping concentration higher than 10'
cm, the impurities start to interact with each other be-
cause of their smaller mean distance and/or statistical
fluctuations of the acceptor density. Due to the latter, a
certain fraction of impurities show a mutual separation
which is less than the mean distance, and thus an even
stronger interaction. This coupling leads to a broadening
of the impurity levels and to the well-known decrease of
the ionization energy with increasing concentration,
changing the overall trapping rates because of their
dependence on ELQ E„,.

A final comment should be made on excess populations
of optical phonons. In our experiments, two generation
mechanisms of excess phonons have to be considered. (i)
Infrared photoexcitation supplies an excess energy of
roughly 200 meV per excited hole. After thermalization
to the heavy-hole band within less than 1 ps, the hot hole
distribution cools down predominantly by emission of LO
and TO phonons. These phonons emitted via intraband
scattering cover a very broad wave-vector interval of
several 10 cm ' due to the weak k dispersion of the
heavy-hole band (large heavy-hole mass). Considering
the time and wave-vector-dependent phonon emission
rates one estimates a maximum population of the
optical-phonon branches of nop(q ) ~ 0.01. (ii) Trapping
of the free holes by the ionized acceptors also creates op-
tical phonons. The generation rate of these phonons has
a value of several 0.01 ps ', as calculated from Eq. (20).
This number is considerably smaller than the phonon de-
cay rate of 0.14 ps ' determined by the phonon lifetime
of ~=7 ps. From those rates and from the maximum
density X =po =10' cm of phonons that are emitted
during carrier relaxation over a wave-vector interval of
k=10 cm ' one derives a phonon excess population
even smaller than generated by carrier cooling. Conse-
quently, the capture rates are practically unafFected by
excess populations of LO and TO phonons.

VII. SUMMARY

In conclusion, the experimental results presented here
give direct evidence of picosecond hole capture by shal-
low acceptor s in p-type GaAs. Spectrally and time-
resolved measurements using picosecond infrared pulses
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were reported for two different doping levels of 2. 3 X 10'
and 7X10' cm . In both cases, we find a repopulation
of the acceptor ground state on a time scale of 10 " s.
Detailed quantitative calculations of carrier trapping
rates comparing multiple-step and single-step capture
processes demonstrate that emission of single optical
phonons by hot holes via the polar-optical interaction
represents the main mechanism of hole capture. In the
present work, relaxation processes of free holes were

monitored on a picosecond time scale. Future experi-
ments with subpicosecond infrared pulses will give direct
access to the carrier dynamics during the first picosecond
after excitation where thermalization, carrier cooling,
and trapping occur simultaneously. Those measurements
are expected to extend our knowledge on ultrafast carrier
trapping which is important for hot carrier transport as
well as for the kinetics of impurity-related optical transi-
tions in III-V semiconductors.
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