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Abstract

Time resolved photoluminescence (TRPL) is employed to study photogenerated electron—hole plasma expansion under
strong illumination conditions in thin GaAs epilayer. We have observed spectral dependencies similar to ones which are
usually observed on carrier’s cooling. However, in our case they are caused by the diffusion of the degenerate electron—hole
plasma perpendicular to the crystal surface. We have studied the influence of the degenerated carrier transport on the
luminescence characteristics of bulk samples, both experimentally and by simulations. We suggest using this method to
measure the transport coefficients of both degenerate and hot excess carriers in semiconductor structures.

1. Introduction

During the last decade there has been considerable interest in photogenerated carrier dynamics in 111-V
semiconductors. Various issues such as hot carrier cooling {1], minority carrier lifetime [2], surface recombina-
tion velocity [3], and carrier injection across semiconductor—liquid interfaces [4] are of interest. Time resolved
photoluminescence (TRPL) is a good method for characterizing the above processes. In a typical experiment a
very short laser pulse (usually under 1 picosecond (ps) in duration) excites the semiconductor sample with a
photon energy greater than the energy band-gap, creating hot carriers. The electrons and holes then start to lose
energy and finally reach the lattice temperature.

In general, two stages of carrier relaxation can be defined [5]. The initial carrier distribution immediately
after the monochromatic laser pulse is highly nonthermal due to energy and momentum selection rules for
optical absorption. The first stage of carrier relaxation involves the evolution of the nonthermal distribution to a
thermalized distribution, whereby the photogenerated carriers come to equilibrium with themselves, but not with
the lattice. The resulting thermalized hot carrier plasma can be assigned an effective temperature characterizing
its distribution (Fermi-Dirac or Maxwell-Boltzmann). This carrier temperature is generally much higher than
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the lattice temperature; also, the electrons and holes may equilibrate separately, leading to different temperatures
for electron and hole distribution.

The initial thermalization process occurs in a typical time scale of a few hundred femtoseconds [5] through
ultra-fast events such as inter-valley scattering and carrier—carrier scattering. The initial excess kinetic energy of
the carriers is not lost during this process, but is simply re-distributed among all the charge carriers of the
system. The second stage of carrier relaxation involves energy loss, and cooling of the thermalized hot carrier
plasma to the lattice temperature. For plasma temperatures greater than 40 K, longitudinal optical (LO) phonon
emission is the dominant energy loss mechanism. The characteristic time scale for this second stage of carrier
cooling in bulk material is between 1-10 ps depending on the carrier density [6].

The generally accepted point of view in the literature, is that only hot carrier cooling processes are
responsible for the spectral evolution of the nonequilibrium luminescence (see for example [7]). This issue has
been revised by Bailey and Stanton in their pioneering work [8]. Using an ensemble Monte Carlo method
coupled with a k - p calculation of the band structure, they showed that on a picosecond scale, carrier transport
even in a thin, 0.5 um GaAs epilayer perpendicular to the layer, significantly reduces the density at the surface.
They compared their calculated luminescence with the experimental data [7] and showed that transport affects
strongly the photoluminescence decay.

Unfortunately, due to the numerical character of their study [8], the diffusion transport role of various
spectral components of the luminescence is not quite clear. One can imagine the following possible ways that
transport influences luminescence.

First, the energy distribution of carriers may only be adequately described by electron temperature 7, below
the threshold of the optical-phonon emission &=# 42, [9] (passive region &< % {2 ). Above the threshold
(active region &> {2 ), the distribution critically depends on the photon energy and the laser pumping level
[9]. In such a case, the transport velocity depends on the carrier energy which is reflected in the luminescence
spectrum.

The second possibility can be related to the degeneracy of electron-hole plasma in GaAs at high-levels of
excitation. For the degenerate regime the character of the electron energy distribution critically depends on
density (the position of Fermi-level). The transport process changes the density of the carriers, and hence
strongly affects their energy distribution. As a consequence, the luminescence spectrum is strongly dependent on
the laser intensity. Low energy states will be occupied almost for any carrier densities, and diffusion weakly
influences their populations. In contrast, the diffusion strongly affects the high level populations.

In this study we explore the role of transport processes on the luminescence of GaAs epilayers. We compare
TRPL decay curves measured at several energies both on a very thin (0.5 um) GaAs sample (where diffusion is
relatively unimportant) and on a 5 um thick sample. We found very profound differences between the high
energy (above the band gap) luminescence spectra of the thin and thick samples. We also carried out power
dependence measurements of PL at various wavelength. We show that the data of all our experiments in GaAs
epilayers are consistent with the mechanism of carrier diffusion of degenerate electron—hole plasma, which can
be characterized by a definite carrier temperature 7,. Any assumptions concerning the violations of a carrier
distribution, characterized by a definite temperature [9], are not needed.

2. Experimental

The GaAs/AlGaAs heterostructures were grown by atmospheric pressure metalorganic chemical vapour
deposition (MOCVD) at 725°C on (100) GaAs substrates using the techniques described in [3]. For all samples,
a 0.4 um buffer layer of Zn-doped GaAs (P =7 X 107 cm™?) was first grown, followed by the desired
structure which was non-doped. The samples were double heterojunction (DH) structures that contained capping
layers of non-doped Al Ga,_ As (x = 0.48) on either side of a GaAs epilayer. For the results reported here,
two samples with different thicknesses of the active GaAs layers of 0.5 um (sample A) and 5 wm (sample B)
were used. The outer and inner Al Ga, _, As barrier layers were 0.15 um thick.
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Time-resolved photoluminescence was measured using the time correlated single-photon counting (TCSPC)
technique [2,3]. As an excitation source, we used a ¢w mode-locked Nd:YAG-pumped dye laser (Coherent
Nd:YAG Antares and a 702 dye laser) at 600 nm providing high repetition rate (< I MHz) short pulses (2 ps)
(FWHM). The TCSPC detection system is based on a Hamamatsu 3809U photomultiplier, Tennelec 864 TAC,
Tennelec 454 discriminator and a personal computer-based multi-channel analyzer (nucleus PCA-II). The
overall instrument response at FWHM was about 40 ps. The laser repetition rate and spot size were adjusted to
create an initial electron—hole density not higher than 5 X 10'® cm* per pulse, in order to avoid crystal heating
and prevent surface damage. TRPL spectra were taken at 10 nm intervals with 10 nm spectral bandwidth.

3. Results
3.1. General

The time resolved photoluminescence at several energies hvp > E,,, was measured for two GaAs samples
A and B. The absorption depth of the laser excitation pulse is ~ 2000 A. The carrier cooling and transport in
the case of the thin crystal is completed within a time shorter than the instrument response of 40 ps. At that
point in time, the carriers are evenly distributed across the GaAs epilayer. In the case of the thicker crystal
(sample B), the diffusion lasts for several nanoseconds during which the carriers are evenly distributed across
the 5 wm thick layer.

The TRPL decay curve of sample B can be divided into three main time regimes. The first period of up to 10
ps reflects mainly the cooling of the initial hot carrier distribution, and the fastest stage of the transport process.
The second period, a few picoseconds to a nanosecond in duration is dominated by the transport of carriers from
the initial Beer—Lambert distribution into the bulk. The third time domain, a few nanoseconds to a microsecond,
is controlled mainly by the radiative and nonradiative bulk recombination processes.

3.2. Thin crystal photoluminescence

Fig. 1 shows the TRPL curves measured at several photon energies in the range 1.43-1.75 eV (870-710 nm)
of the 0.5 pum thick GaAs sample. The luminescence time decay curves at energies above 1.52 eV can be
divided into two main regimes. The first is characterized by a very fast decay limited by the instrument response
function. This fast decay is attributed to the photogenerated hot carrier relaxation to the lattice temperature. The
larger the photon energy, the larger the amplitude of this short decay component. The cooling process as
described in the introduction is fast (a few picoseconds), as is usually the case in bulk III-V semiconductors.
The second time region of the decay curves is much longer than the former and is controlled by the radiative
and nonradiative bulk recombination processes {3].

3.3. Thick crystal photoluminescence

Fig. 2 shows the time resolved photoluminescence curves of the thick (5 wm) GaAs sample measured at
selected wavelengths in the spectral range of 870-710 nm (1.43—1.75 eV). In contrast to the TRPL curves of
sample A (the thin sample), the PL curves of the thick sample, shown in Fig. 2, exhibit a nonexponential decay
with three components. We attribute this to the transport of carriers from the surface region into the bulk.

As can be seen from Fig. 2 the decay time of the transport component in the PL decay curves strongly
depends on the PL photon energy. The larger the photon energy (shorter PL wavelength), the shorter the lifetime
of the transport component. The observed dependence of the PL decay time on the PL wavelength is much
stronger than expected from the wavelength dependence of the PL reabsorption alone, and thus should be due to
additional reasons. The strong dependence of the PL shape on the PL photon energy is explained by the
transport of degenerated electron—hole plasma perpendicular to the crystal surface, as described later in the
theoretical section and in the discussion.
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Fig. 1. Semilog plots of time resolved photoluminescence (PL) measured at various photon energies of 0.5 wm GaAs crystal. Curves 1, 2, 3
and 4 correspond to PL energy of: 1.43 eV, 1.49 eV, 1.57 eV, 1.65 eV, respectively.
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Fig. 2. Time resolved photoluminescence experimental data and computer simulations (solid line) of a thick 5 pm crystal. The PL photon
energies: 1.49 eV, 1.53 eV, 1.57 eV, 1.61 eV, 1.65 eV, 1.70 eV are denoted as 1, 2, 3, 4, 5 and 6, respectively.
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4. Theoretical consideration

Photoluminescence resulting from a direct radiative electron—hole recombination is commonly expressed by
[10]:

I(hw)~ o (ho-E) " f.f, (1)
where E, is the band gap energy, and f, and f, are the electron and hole distribution functions, respectively.
The distribution functions f, and f, differ in general from the equilibrium distribution since the carriers are
generated by a nonthermal process (light pulse). However, for times relevant to our purposes they can be
approximated (7 > 10 ps) by thermal distributions which are equivalent to assigning a quasi-Fermi level to each
type of carrier.

The electron and hole kinetic energies, E, and E,, measured relative to their respective band edges are

related to the photon energy fiw=E, + E, + E,.
We can write Eq. (1) in the following form:
-1
I(hw) ~ wz(hw—Eg)l/z{exp[ Be(L(ﬁw— E,)-F ||+ 1}
m, +m,
-1
X {exp[ B. + 1} (2)

here B. = 1/(kT.), B, = 1 /(kT,), and m, and m, are the effective masses of electrons and holes, respectively;
F, and F, are the corresponding quasi-Fermi levels, which are related to the local carrier densities n, (c =e, h)
by:

¢

m, + my,

(ﬁw—Eg) - F,

€

I (mkr)””

ne= (2773)1/2 73 ‘71/2( B.F.) (3)
where
1 * x"dx
F =
(2) r'(n+ l)j(‘) exp(x—z) +1

is the nth order Fermi integral, and the quasi-Fermi levels are measured relative to their respective band edges.
The emission spectrum is obtained by integrating I(fAw, x, t) taking into account reabsorption of the
luminescence:

I(fiw, t)=/0dl(ﬁw, x, t)exp(—a(w)x)dx, (4)

where a(w) is the absorption coefficient at a specific emission energy, x is the optical path and d the crystal
thickness.
The local carrier densities n, (n, = n, = n) satisfy the ambipolar diffusion equation [11]:

on o
—5=V(9Vn)+G+R (5
where G and R are the pair generation and recombination rates, respectively, and
/717/12/2( BeFe) +Z/—/12/2( BhFh) (6)
D (B F) +P0Hy (B Fy)

is the ambipolar diffusion coefficient, 2° ~ T.'/? and @~ T}/? are the low-density electron and hole
diffusion constants, and Z"( B.F.) =F,(B.F.)/F (B.F.).

D =929
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The calculations show that for an electron density of n~3 X 10'® cm™ and T=300 K the strong
degeneracy condition [12] is satisfied for the electron system

B Bef’zz(anzne)z/3

=4 > 1 7
T (7)

B.F.
where we have used m_; = 0.068m, for GaAs. For the heavy hole system, the corresponding parameter
By F, <1, since the ratio m; /m.; = 7.53.

The electron and hole concentrations used in our experimental conditions, are about 10" cm 3. Therefore, as
a first order approximation, we can consider the carrier system as degenerate for electrons, and as nondegenerate
for the holes. In such a case, Eq. (2) becomes:

) 1/2 m,
ho, x,t) ~w (ﬁw—Eg) nhexp[~m—hﬂh(ﬁw—Eg)}

-1
1y,
X ——(fhw—E,))—F || +1 8
(oo [ =)=+ ®
In the degenerate case SF, > | we have
Fo=#(3nn)""/(2m,). (%)
4
FYHBE) == (BE) #Y(BE) = 3BF, (10)
3V
and
iB.F +1
D =D°D : (11)

"20(4/3Vm )(B.E) " +2?

Since F, ~n2? and n, decreases with an increase of distance from the front surface, the ambipolar diffusion
coefficient also decreases with distance.

nw, )=lw, x=0, 1)/I(w, x=0, t =0) characterizes the decrease of the luminescence with time at a
frequency w from a very thin layer near the surface. From Eq. (8), we obtain:

ny( 1) exp{ Be[(mh/(me +m))(ho—E;) - FC(O)]} +1

(o, 1) = (12)
n,(0) exp{ Be[(mh/( me +my))(ho— Eg) - Fe(t)]} +1
Thus for the lower PL energies (‘red frequencies’), satisfying the inequality :
" (hw—E)—F(t)<0 (13)
—E,) - F(t
m, +m, (heo g) o

(and consequently, (m, /(m, + m )N w— E,) — F(0) <0 since F,(0) > F(1))
n(w, 1) = ny(1) /m,(0) (14)

Hence the decrease of the ‘red’ PL frequencies is determined primarily by the decrease of the holes density n,
due to diffusion.

' We consider that B,Kmy, /(m, + m Ao — E)— F(D| > 1.
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For the ‘blue’ frequencies, satisfying the relation (see footnote 1): (my, /(m, + m )N#h w — E,) > F(0) and
consequently

me’ihmh(ﬁw—Eg)—ﬂ(t)>0 (15)
we obtain
) = 22D —B| = (hw-E,) - F(1) (16)
n(w. 1) = n,(0) P m, +my ¢ ¢ ‘

Eq. (16) shows an essentially faster decay of the ‘blue’ frequencies with respect to the ‘red” ones (Eq. (14)).
Thus, Eq. (16) qualitatively explains our experimental data shown in Fig. 2.

When the pump injection level increases (n increases) and /or the temperature decreases, the degeneracy of
the hole system also becomes important, and one must use the general expression given by Eq. (2) for (% w, x,
1). For a strongly degenerated hole system and for ‘red’” PL frequencies satisfying both Eq. (13) and the
condition

mC
me+mh(ﬁw Eg) F, (1) <0, (17)
we obtain from Eq. (2) that n(w, 1) = constant, thus, the high laser injection level increases the degeneracy
parameter and results in a slowing down of the red luminescence decay rate. The effect can be easily
understood, since for a strongly degenerate gas the lowest states are occupied and the diffusion does not
influence their populations. Such an effect explains our experimental data concerning the dependence of the red
luminescence decay on the injection level.

5. Discussion

We have used the equations presented in Section 4 to simulate the PL experimental data of the 5 pm crystal
shown in Fig. 2. The computer simulations are based on Eqgs. (1)-(6). The initial total carrier density at x = 0,
1 =0 was estimated to be n,(0, 0) = n,(0, 0) =3 X 10" cm™?, based on the laser power, the spot size on the
irradiated sample and the sample reflectivity. For simplicity, the initial hot electron carrier cooling process is
assumed to be

T.,=T, +ATexp(—t/7.)

where T, and T are the electron and lattice temperatures, respectively. AT is the initial ( = 0) temperature
difference between the electron and the lattice, and 1/7, is a constant characterizing the electron cooling time.
The cooling time 7, < 3 ps as measured previously by several authors [1] is relatively short compared to the time
resolution of our experiments AT was estimated from fitting the experimental data of the thin crystal (0.5 pm).
The fast cooling process is seen in the TRPL data of the thin crystal shown in Fig. 1, as a fast decay limited
practically by our instrument time response.

The dependence of the ambipolar diffusion constant on the carrier density is given in Eq. (4) where we
assumed 7, = T, = 300 K. Fig. 2 also shows the computer simulation fit of the experimental data (solid line).
The hole diffusion constant used to fit the experimental photoluminescence is 4 cm?/s.

The laser power dependence of the photoluminescence was discussed in the theoretical section. The power
dependence of the PL at 870 nm (band edge) and at 750 nm (0.22 eV above the band gap) is shown in Fig. 3. At
the edge luminescence (870 nm), the stronger the irradiation power the longer the decay time of the PL. The
laser power dependence on the luminescence lifetime reverses when the PL energy is larger than the gap. At 750
nm the stronger the photoexcitation the shorter the PL decay time. The computer simulations of the laser
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Fig. 3. Laser power dependence of time resolved photoluminescence curves. The two upper curves denoted 1 and 2, are measured at the

band gap energy 1.43 ¢V, and the relative laser power is 4: I, correspondingly. The lower two PL curves 3, 4 are measured at 1.65 eV and
the relative laser intensity is 10: 1, respectively.

photo-carrier injection effect at high and low PL photon energies (see Fig. 3, solid line) are in good agreement
with the experimental results.

6. Summary

We have used time-resolved photoluminescence to study photogenerated electron-hole plasma expansion
under strong illumination conditions in thin GaAs epilayers. We have found profound differences between the
high energy (above the band gap) luminescence spectra of thin (0.5 wm) and thick (5 um) epilayers. As the
degeneracy is determined by the carrier density, the TRPL spectrum is susceptible to carrier concentration
changes. Thus, the TRPL spectrum is capable of measuring density changes due to diffusion. The photolumines-
cence spectrum is extremely sensitive to transport of degenerate electron—hole plasma, while in other methods
[13-15] there are no qualitative differences between diffusions of degenerated and nondegenerated carriers.
Hence we suggest that time-resolved photoluminescence can be a good method to measure the transport
parameters of both degenerate and hot excess carriers in semiconductor structures.
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