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A novel technique in time resolved luminescence spectroscopy called population mixing using a
subpicosecond cw mode-locked dye laser has been developed and applied to p-type GaAs at low
temperatures. Using this technique the relaxation lifetime for electron recombination was -
measured to be 39 £ 7 ps for p-type GaAs with Zn at 6 10'® cm—3 hole concentration. This is -

comparable to the relaxation time measured by a streak camera. : s

PACS numbers: 78,55.Ds, 79.20.Ds, 72.20.Jv

Time resolved measurements of photoexcited semicon-

ductors are important and of great interest in the study of -

semiconductors.' The advent of picosecond lasers and tech-
niques made ultrafast time resolved measurements possi- -
ble.”* Luminescence relaxation decay times of materials
have been measured using either a streak camera or a gating
method on a picosecond time scale.** However, subpicose-
cond technology has been limited to time resolved absorp-
tion and reflectivity studies.®'? The purpose of this letter is
to describe a novel technique for the measurement of the
luminescence relaxation and to report the direct fast lumi-
nescence kinetics of photogenerated electrons in heavily
doped p-GaAs. The new method, called population mixing,
has subpicosecond resolution and is limited only by the pulse
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FIG. { Subpicosecond photoluminescence time resolved apparatus.
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duration of the laser. This method is of general interest to the
laser and semiconductor communities, and has the advan-
tage of being able to isolate fast relaxation components of
carriers in heavily doped semiconductors.

The intensity of luminescence from photogenerated
carrier recombination in a semiconductor is proportional to
the product of the population of conduction band electron
density and the valence band hole dénsity.'" In this new
technique, two identical excitation pulses are used to pumpa -
semiconductor with a time delay 7 between them, The elec-
tron and hole densities generated by the first pulse at time ¢
are z1(t ) and pi¢ ), and the photogenerated densities generated
by the second pulse are n(t + 7) and p{t + 7). The photolu- -
minescence produced by radiative recombination of these .
carriers is given by _ e

Lot o [no + olt) 4 e + 7)) [po+ ple) 4 plt 7)1, (1)
where n, and p, are background electron and hole densities,
The two excitation pulses are repeated at rate N (N<¢1/T
where T'is the carrier lifetime). The total average signal mea-
sured by a slow photodetection system is given by the time .
integralof I, {r7) .. .~ oL T s
<L (67)> ecXi(r) + Ip, S )
where ce S S . '
Lin ocNf n(t + 7)plt Jdt + Nf n(z p(t -+ idt. (3)

In the population mixing technique, the time-delay de-

~ pendence remains only in I (7). The free carriers from the

first pulse mix and recombine with the free carriers from the ‘
second pulse generating the luminescence 7, 7). The shape of
I (r}will depend on the forms of (¢t }and p{¢ ), which are deter-
mined by the type of recombination processes present. The
other techniques (streak camera and Kerr gate) measure the

“dominant emission component. For p-type semiconductors c o
1,.(t} = nit }py, and for #-type semiconductors 1, {t)=pltlp,

since the #{¢ Jp(f) term is usually a much smaller term, The )
background signal 7, is usually much larger than the signal
I,(7). 15 is subtracted from (Zp{,7)) by a heteradyne tech-

_ nique. The signal from the photodetector is passed to a lock-

in amplifier. The first pulse train is modulated at a frequency
W, and the second pulse train is modulated at a frequency
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W,. By setting the lock-in at frequency 2 = |, — W, the -

background contribution I, is subtracted from (I, {¢,7})
leaving [ (7). In this experiment, the excitation pulses are
much shorter in duration than the lifetimes of photogenerat-
ed electrons, T,,, and holes, T,. Therefore, the carriers form
instantly and decay exponentially with a characteristic de-
cay time. The majority-carrier decay was neglected because
of the extremely slow recombination time in comparison to
the decay of the minority carriers.!>!* RO

. The experimental setup is shown in Fig. 1. The 0.5-ps
pulses at 610 nm were produced by a ring mode-locked dye
laser at repetition rate of 125 MHz with an energy of 40 pJ
per pulse. The pulse train was divided by a beam splitter into
two pulse trains of equal intensity. The two pulse trains were
modulated at 1430 and 2000 Hz, respectively. Both beams,
whose pulses were ~ 10 pJ, were focused by a lens onto a
sample. The spot size was about 25 gm. The sample was p-
type GaAs doped at 6 X 10"/cm® Zn coricentration at 115
K. The luminescence was collected and imaged onto the slit
of aspectrometer, An RCA 7265 photomultiplier and a PAR
lotk-in amplifier were used to display the signal which was
fed into a Tracor Northern signal averager.

A luminescence signal at 840 nm was observed at 570,
1430, 2000, and 3430 Hz. The signal at 570 Hz was found to
vary linearly with the pump intensity of either beam. When
either pump beam was blocked, the signal at 570 Hz van-

ished. It is estimated that under the conditions of the experi- .

ment, the density of the photogenerated carriers was
~5X 10" carriers/em’, at least two orders of magnitude
less than the background density.

The photoluminescence intensity detected at 840 nmis

plotted as function of delay time r in Fig. 2(a). The signal is
symmetric. The data of Fig, 2(a) are plotted on a semilog
scale in Fig. 2(b). The decay time for the exponential slope is
found to be 39 ps. The average decay time obtained from five
separate runs at 115 K is 39 + 7 ps, The decay time was
comparable with the photoliminescence lifetime measured
by a streak camera on the same sample, ‘ :

* The recombination decay time of the photogenerated
carrier measured by the population mixing technique in
heavily doped samples of p-type GaAs is found to be 39 + 7
psat 115 K. It should be kept in mind that the streak camera
technique measures the time dependence of the total lumi-
nescence. The dominant component, in the total lumines-
cence, is the relaxation of the minority carrier [pn(t)) since
the term n{t) p{t ) is insignificant at the intensity levels com-
monly used. On the other hand, the population mixing tech-

nique measures a lifetime which depends on the relaxation of -

both minority and majority carriers. In the case of GaAs the
relaxation time of the majority carriers is much longer than
minority carriers,'* for p-type 7, /T, > 10, Since the maxi-
. mum delay that can be measured in the present apparatus is
" 150 ps, the component of majority-carrier relaxation cannot
' “be accurately time resolved, This slow component contrib-
- utes to the background. The measured decay time 39 + 7 ps
_is assigned to the relaxation of the electrons (minority carri-
 ers). The relaxation time is the time for the excess electrons
. o be trapped at recombination centers, Population mixing is
“a direct time resolved optical technique capable of subpico-
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FIG. 2. {a) Correlation of the photoluminescence measured at wavelength
340 nm. (b) data of {a) is plotted on a semilog scale. The decay time Is
measured to be 39 1- 7 ps.

second resolution. This technique will prove to be a powerful
method for measuring time resolved luminescence and the
time evolution of electron and hole distribution functions of
semiconductors, now that reliable cw subpicosecond iasers
are available.'® :
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