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Intraband inversion due to ultrashort carrier lifetimes in proton-bombarded InP
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We report the evidence of occupation inversion in time average within the continuous band structure of the
semiconductor InP. Ultrafast carrier trapping and recombinatienl(x 10" 1% s) as a consequence of proton
bombardment prevents the thermalization of optically excited electron-hole pair3x 10'° cm~2). Beyond
previous experimental observations of inverted time-averaged luminescence spectra, we present experimental
data at lower carrier concentrations, which are in quantitative agreement with ensemble Monte Carlo simula-
tions. Inverted electron and hole energy distributions are determined quantitatively. We propose the application
for a solid-state free-electron laser.

The temporal evolution of the energy distribution of pho-  Short carrier lifetimes in semiconductors are the conse-
toexcited carriers in semiconductors has been a major reguence of high concentrations of defett3! which act as
search topic over the past decdd€he spectral width of traps and recombination centers for photoexcited electrons
ultrashort laser pulses, the semiconductor band structure, agd holes. For our experiments, we use the IlI-V-
the ultrafast dephasiAgletermine the initial nonequilibrium Semiconductor InP. The(100 semi-insulating samples
carrier distribution. The fast transition into a hot Fermi-Dirac (p~10" Q cm) are irradiated with protons of 200 keV; pro-
distribution—known as “thermalization”—occurs mainly ducing a broad damage profile with a maximum of lattice
through carrier-carrier collisions, supported by phonon scatvacancies at a distance of 1.4n from the surface. The ion
tering. Quantitative knowledge of the thermalization processloses range from 10" up to 1< 10'® cm 2. The crystal-
is important for a full understanding of the ultrafast relax- linity, also for the highest damage doses, has been verified
ation processes in solids. In addition, the knowledge of therby spectral photoconductivity measurements, which show no
malization is essential for realizing stimulated emissionsignificant change of the band-gap energy.
within one band of a Semiconducfbwhere population in- The carrier lifetimes in the H irradiated InP crystals
version must be maintained against the thermalization probave been measured by time-resolved luminescence, using
cess. The time scale of the thermalization process is sensitiiB€e population correlation methddAll experiments are per-
to the carrier concentration and the energy of the injectedormed at room temperature. The carrier lifetimes have been
carriers. Experiments have been performed in various rangé¥tained from the spontaneous luminescence intensity
of these two parametefs!? giving a consistent quantitative (% ®,t), given by the bimolecular radiative recombination
picture of the thermalization process in semiconductors, suclaw,™ as a function of the electron and hold distributions
as GaAs and InP. Strongly nonthermal distributions exisfe(k,t) andfy(k,t),
only for less than 100 fs at carrier densities around’10
cm~3.91113|n the range of 18 cm™3, the thermalization I (hw,t)*|Mg|?0?D(hw)fo(K,t)- fr(k,t), )
rate is comparable to the emission rate of optical phonons
(~ & fs 1,122 for carrier densities below #cm~3 the  with the matrix elemenM ., for the optical transition and the
thermalization time can reach up to 50%fs. joint density of state® (% w). The quantitative results of the

In this paper, we report a striking consequence of thdifetime of the photoexcited electron-hole pairs have been
finite thermalization time. In semiconductors with extremelyreported in Ref. 15: The lifetimes decrease from00 ps at
short carrier lifetimes, limited by trapping and recombina-an ion dose of X 10" cm~2 down to 95 fs at an ion dose of
tion, the lifetime of photoexcited carriers in the continuous1x 10 cm~2. The lifetimes have been measuredl00
bands can be comparable or even shorter than the thermatireV above the band gap of IfBue to the sensitivity of the
zation time. In this case, the time averaged carrier distribuGaAs photomultiplier. Since this measures only the high-
tions will be dominanted by the initial injection energy and energy part of the distribution, an eventual influence of the
can deviate substantially from thermal distributidfi$® Al-  carrier relaxation might have been involved. We have repro-
though we have previously reported on very hot, even induced, however, the values of Ref. down to lifetimes of
verted luminescence spectrglear proof of invertedtarrier 1 ps by time-resolved luminescence, using the well-known
distributions however, has not been given up until now. technique of up-conversidhnear the band gap.

Here, we will give the experimental and theoretical evidence In the following, we describe the time-integrated lumines-
that—at low enough carrier densities—such a scenario ineence spectra from the sample with a 95-fs carrier lifetitne
deed leads tostrongly inverted carrier distributions, time low injection densities (18-10"" cm™3), where the ther-
averaged over the full lifetime of the injected carriers. malization process is known to be in the 100-fs rahigeor
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— pass filter, and the monochromator. The spectrally narrow
@) 1 - 3%10™ om structures in the spectra are only due to noise. Note that the
N “inversion” of the spectra is much stronger than in Ref. 15,

] where the photoexcited carrier density was considerably
higher (~1x 10" cm™3).

According to Eq.(1), the strongly inverted luminescence
spectrum indicates that the ultrashort carrier lifetime time
(7= 95 f9) leads to nonthermal distributions for the main part
of the carrier lifetime. For the quantitative interpretation of
the luminescence spectra, we compare the experiments with
Monte Carlo(MC) simulations, which take into account the
complex valence band. We have performed a four-band en-

()

n=3x10"% em?

LUMINESCENCE INTENSITY [rel.]
o

T=95fs semble MC simulation, including conduction band, heavy,
light, and split-off hole bands. LO phonons and the corre-
sponding hot phonon population are considered, as well as

EXPER'MQI interband and intraband hole scattering by TO phonons. De-

generacy effects are included and carrier-carrier scattering is

accounted for within a self-consistent static screening ap-

proximation, as in Ref. 9. The carrier trapping and nonradi-

S S S S S ative recombination has been included within a simple
1.40 145 1.0 1.85 model. Taking into account thk dependence of the trap
ENERGY [eV] states and recombination centdreaximum of the wave

i — 16 . .
FIG. 1. (a) Spectral band-to-band luminescericerrelation sig- funcuqns neak=0),™as well as the fact that.the trapplng_ls
nal) for a sample with a low proton-bombardment dose- (80 ps, morg likely to.occur through phonon em|SS|on and Carrlgr—
dashed curve and for a high proton-bombardment dose=@5 f9, ~ Calrier scattering, we used a simple exponential recombina-
using high excitationif~3x 1018 cm~3). T=300 K. (b) Low ex-  tion rate peaked at the minimum of each band, with
citation (n~3x 10" cm~3): Experimental luminescence spectra 1/7=a exp(—k¥K?), wherek is the free-carrier wave vector.
and results of theoretical Monte Carlo simulations. K is a constant determined from the experimentally mea-
sured recombination heating that will be described later in
this paper. The constant is determined by the experimen-
these experiments, a mode-locked Ti:sapphire laser is usddlly measured recombination lifetime.
with low excitation densitiesr{~3x 10'® cm™3). Pulse du- The luminescence spectrum obtained in the MC simula-
rations are 120 fs, the excitation center wavelength is 730 nrtions is shown in Fig. (b): The luminescence spectrum is
(1.70 e\). The time-integrated luminescence spectra are obinverted, the relative shape of the spectra agrees well with
tained from the correlation signal of two excitation pulSes the experiment, the absolute values of the intensities are not
at relative delayAt=0. Contributions to the signal, which compared. In Figs. (3 and Zb), we show the time inte-
are linear with excitation power, such as band-impurity lu-grated distribution functions for electrons and holes corre-
minescence, spontaneous Raman signals, and other lighponding to the luminescence spectrum shown in Fig). 1
scattering from the surface are excluded, so that only bandFhe electron distribution function shows a well defined in-
to-band luminescendgroduct of electron and hole distribu- version over the entire energy range that corresponds to the
tion) is measured® A low-pass filter is used to cut off the luminescence spectra. For the holes, the situation is more
laser stray light above 1.58 eV. complicated, both light and split-off holes show mainly an
Figure Xa) shows the luminescence spectra for theinverted distribution, and the heavy-hole distribution pre-
sample with a lifetime of 180 p&dashed ling The maxi- sents a maximum at the top of the band. This is due to the
mum of the luminescence intensity is close to the band gagact that the heavy holes are excited exactly at the threshold
with an exponential decrease to higher energies, and as efor phonon emission and so we can see the phonon replica
pected for a thermalized carrier distribution, cooled down tathat is generated at zero energy.
lattice temperature for almost the complete lifetime of the The initial carrier distributions, due to the laser excitation
photoexcited carriers. The luminescence spectra are drastt 1.70 eV, are obviously not thermalized for the main part of
cally different for the proton-bombarded sample with a car-the carrier lifetime, for the low carrier concentration of
rier lifetime of 95 fs(full line). The spectrum in Fig. (&) 3%x10'® cm™3. In comparison, the time-resolved lumines-
taken at high injection density (810" cm~2) is broad, cence data in Ref. 9 showed no inversion within the time
with a maximum around 1.50 eV. resolution of 100 fs at slightly higher carrier densities of 1.7
The spectrum in Fig. (b), obtained with a much lower x10Y cm™3. The lower carrier concentration in our experi-
excitation density (X 10 electron-hole pairs per cth  ments obviously reduces the electron-electron scattering. The
shows the most interesting behavior: The luminescence speirversion in our experiments, however, is much stronger than
trum is strongly inverted with a monotonous increase of theexpected from this reduction alone. In order to clear the role
emission intensity from 1.40 eV up to 1.58 @¥ie data are of the ultrafast trapping and recombination on the intraband
already spectrally corrected, taking into account the spectraklaxation processes, we performed the following additional
characteristics of the GaAs photomultiplier, the 1.58-eV low-experiments.

™~ THEORY (MC)
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FIG. 3. Carrier temperatures as a function of time, observed in
the time-resolved luminescence spectra, for two samples with dif-
ferent proton-bombardment doses, resulting in lifetimes of 1.5 ps
(full squareg and 180 ps(triangles. Lines: Theoretical Monte
0 . . . L Carlo simulations. Inset: Temperature difference of the two
0.00 0.05 0.10 0.15 samples, as a function of time.

ENERGY [eV]

want to mention at this point, that hot phonons generated by
FIG. 2. Carrier dlstrlbu“ons as ObtaJned from ensemble Montethe trapplng and nonradlatlve recomblna’ﬁbrgenera”y

Carlo simulations for electrons in the conduction baadper fig-  ,.1d produce a similar effect. The generation of hot
ure) and holes in the light-hole, heavy-hole, and split-off Valencephonons however, has to be considered only at high carrier
band(lower figure. T P . A .

concentrations. The intraband inversion in the sample with
7=95 fs has been observed at low carrier densities
(n~3x10'° cm~2), where hot phonon effects play a minor
role. We want to emphasize at this point, that hot phonons
are generated also by nonradiative recombination and, there-

The time-resolved spectra can be described by effective caf‘—?re’_ will contribute to the relaxation processes at lower ex-
rier temperatures, thermalization in these experiméntsi-  citation than in undamaged material. _
tation densityn~1x 10 cm~3) is fast enough to maintain The realization of_ inversion within a continuous band of a
hot, but thermalized distributions. The results are plotted irséMiconductor has interesting consequences for the research
Fig. 3: The sample withr=1.5 ps (full square shows a ©n stimulated emission within one energy band of a
substantiallyslower cooling of the carrier distribution. This semiconductot.Intraband inversion is the first condition for
slower cooling can be understood through the ultrafast trapthe solid-state analog of the free-electron |&Sexhere the
ping and recombination that occurs preferentially near thetimulated radiative transitions within a continuous band are
band gap® The loss of carriers with low energy leads to aused. The demonstration of intraband inversion averaged
decrease of the total energy-loss rate, which is known aever the complete lifetime of electron-hole pairs in the bands
“recombination heating.?’ The higher temperature at later indicates that, in principle, the inversion can be maintained
times, as compared to the lattice temperature, is due to th@so in steady state, using continuous-wave excitation. The
generation of hot phonons. use of intraband radiative transitions, such as free-carrier
The theoretical curves in Fig. 3 are the results of en-emission through momentum scattering processasgrat-
semble MC calculations, taking into account the same energiyng structures for the momentum conservatidripgether
dependence of the trapping and recombination as in thwith thicker samples necessary for a mid- and far-infrared
simulation of the inverted luminescence spectra. Also, thevaveguideing, should make such devices possible in the fu-
calculation shows a slower cooling of the sample with shorture. Major questions, however, are still open at this point,
carrier lifetime. The inset in Fig. 3 shows the difference ofsuch as the absorption into higher band states, as well as
the cooling curves both for experiment and theory, with goodadditional radiative processes, due to the trap states and re-
agreement for the chosen value of the paramiétéenergy = combination centers.
dependence of the recombinatjorWe conclude that the In conclusion, we have proven that the time-integrated
same energy dependence of the trapping rate—higher rate edrrier distributions of photoexcited electrons and holes can
low carrier energies—is present in the sample wittB5 fs.  be inverted in semiconductors with ultrashort carrier
This clearly works against the thermalization and energy relifetimes®® Carrier trapping and recombination in the time
laxation processes, and enhances the intraband inversion. Wenge of 100 fs lead to strongly inverted luminescence spec-

Using luminescence up conversithwe studied experi-
mentally the relaxation of the carrier distributi¢a*“cooling
curves”™ for two samples with different proton-
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still dominate the time-averaged energy distributions. Appli-chen NationalbanKONB) under Project No. 5059, and by
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