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Femtosecond Relaxation of Photoexcited Nonequilibrium Carriers in Al,Ga,_,As
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(Received 11 April 1983)

Optical saturation of highly excited states in the conduction band of a semiconductor
and the subsequent extremely fast energy relaxation due to carrier-carrier and optical -
phonon scattering at room temperature are observed. The corresponding measured life-
time for states 160 meV above the band edge in Alj3,GajgeAs is in the range of 80 to 30
fs depending upon the photoexcited carrier density.

PACS numbers: 72.20.Jv

There has recently been a great deal of inter-
est in the dynamics of hot carriers following pho-
toexcitation by picosecond light pulses in semi-
conductors.!”* It is generally thought that at low
temperatures carriers generated in states far
above the band edge relax first by carrier-car-
rier scattering and reach a quasiequilibrium dis-
tribution at a carrier temperature far above the
lattice temperature in less than a picosecond.
This hot carrier distribution subsequently cools
down to the lattice temperature in a few to tens of
picoseconds, depending on temperature, through
the emission of phonons. Previous studies have
concentrated mainly on the dynamics of the car-
riers during this second stage of phonon cooling
at low temperatures where the time constants in-
volved are on the order of 0.5 ps or more. There
has been no direct observation of the relaxation
from the initially photoexcited nonequilibrium car-
rier distribution at room temperature where the
relaxation time is in the femtosecond time domain
and both optical-phonon (OP) and carrier-carrier
scattering could be important. We report here
the observation of the saturation of the conduc-
tion-band energy shells in k space and the meas-
urement of the relaxation time of the conduction-
band electrons out of the initially photoexcited
states. This relaxation time is clearly of funda-
mental importance because it limits the intrinsic
lifetime of the corresponding Bloch states in the
conduction band. It is also important for the un-
derstanding of, for example, high-speed GaAs
devices and laser annealing processes. In this
Letter, we report the direct measurement of this

relaxation time in Al ;,Ga, ¢,As at room temper-
ature using a femtosecond laser.®

Our measurement is based upon a study of the
saturation effect on the transmission characteris-
tics of a thin sample of Al1,Ga,.,As using a new
technique for measuring femtosecond excited-
state relaxation times called the equal-pulse cor-
relation technique. In the experiment, the sam-
ple is excited by two 80-fs laser pulses, If,(t)
and If,(t), of equal intensity I and orthogonal po-
larizations derived from the same laser but with
a variable delay 7 between them, or f,(t)=f,({+7).

f(t) is the shape of a single pulse. If the number

of electrons created in the conduction band by the
pulses is not negligible, then there is a mutual
saturation effect of one beam on the other while
the carriers are in the photoexcited states. (Be-
cause of the vast difference in the effective den-
sity-of-state masses of the relevant electrons
and holes of Al Ga,.,As, the saturation effect
due to the holes is not important; that is not nec-
essarily true for other materials such as Ge, Si,
or even AlAs,) As a result of the saturation ef-
fect, the total absorption of both beams will de-
crease when the two pulses overlap within a life-
time 7, of each other and the measured time-
averaged total transmitted power of both beams
as a function of delay will show a transmission
correlation peak (TCP). The change in the trans-
mitted power of both beams through an optically
thin sample due to the saturation effect is

AT 7 IO + (0]t (1)

where n,(t) is the electron occupation density in
the photoexcited conduction-band states:

ne(t)mf_twl L@+ f,N ] expl =t =2") /7 ,)dt’ = j:I[fl(z‘ —x)+f,(t = x)]exp(-x/1,)dx. (2)

The TCP corresponds to the cross terms in (1): From (1) and (2) the TCP is proportional to
12[7 [TLA 0 F0 =)+ 10 f,(t = x) exp(= x /7,) dx dt. (3)

Upon changing the order of integration and substituting 7,(/)=f,(f +7), it can be shown that the TCP is
proportional to the convolution of the intensity autocorrelation C(7) of the pulse with a two-sided ex-

840



VoLUME 51, NUMBER 9

PHYSICAL REVIEW

LETTERS 29 AucusT 1983

ponential decay factor: The TCP as a function of 7 is proportional to
sz:{f: L@ ft+T =)+ £, +7)f,(t = x))dt} exp(=x/7,)dx = IZJ:C(T - x)exp(~|x| /7,) dx. (4)

The reason for using the two equal pulses rather
than the usual pump-and-probe technique is that
when the population decay is not governed by a
single decay process but by a fast process (e.g.,
intraband relaxation) superimposed on a much
slower process (e.g., band-to-band transition) as
it is in the present experiment, there are real dif-
ficulties involved in using the latter technique (de-
scribed in detail by Taylor, Erskine, and Tang®).
Because the laser has a fixed wavelength of
2.02 eV, we chose the Al concentration to be
x=0,34 rather than 0 so that the density of states
is smaller and easier to saturate. The carrier
dynamics in the highly excited states of the cen-
tral valley of Al Ga,  As are not expected to be
significantly affected by this choice. A schematic
of the experimental setup is shown in Fig. 1. An
Ar-laser—pumped passively” mode-locked rhoda-
mine-6G-dye ring laser® produces 615-nm pulses
at a rate of 10® Hz. The autocorrelation of the
pulse has a full width at half maximum of 130 fs,
indicating a width of approximately 80 fs for a
sech? pulse shape. The pulse train is divided into
two beams of orthogonal polarizations by the po-
larizing beam splitter (PBS) which are recom-
bined collinearly at the PBS, with the path length
of one arm held fixed and that of the other dith-
ered at w about the position of zero path-length

difference. The combined pulse train is focused
onto the sample with the spot diameter =22 um,
The light transmitted through the sample is de-
tected by a photodiode and the time-averaged pow-
er is displayed on an oscilloscope synchronized

to the motion of the speaker, with the height of
the TCP measured through the lock-in amplifier.

The sample is an unintentionally doped Al,Ga, -
As-GaAs-Al,Ga, ,As double heterostructure
grown by liquid-phase epitaxy. The GaAs sub-
strate within a 375-pm-diam circle was etched
away to allow the transmitted light through. The
AlGaAs layer on the entrance side is 2.3 um thick.
The GaAs and AlGaAs layers on the exit side are
%+ pm and 0.1 pm thick, respectively.

Figure 2 shows examples of the measured TCP
that indicate that there is saturation of the photo-
excited conduction-band states. Because orthog-
onal polarizations are used, the corresponding
relaxation time is an energy relaxation time, To
determine the relaxation time for each incident
power, we first digitized the data and then nu-
merically convolved the pulse autocorrelation
with an adjustable exponential decay factor. The
relaxation time was determined from the best fit
with the measured TCP according to Eq. (4).
Figure 4 summarizes the results on the measured
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FIG. 1. Experimental setup. DCM, dichroic mirror; A/2, half-wave plate; PBS, polarizing beam splitter; CC,
corner cube prism; SPKR, speaker; OSC, oscillator; NDF, neutral-density filter; MO, 40 x microscope objective;
S, sample; L, lens; F, monochromator or cut-off filter; PD, photodiode; CA, current amplifier, PD measures

time-averaged power.
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FIG. 2. Comparison of TCP at 0.63 mW (solid line) with the pulse autocorrelation (dashed line). Squares show
convolution of autocorrelation peak with an exponential of decay time 55 fs. Inset shows TCP at 1.44 mW. Solid
baseline indicates zero transmission, Horizontal scale is 1.1 ps/div.

relaxation time as a function of incident power
using this procedure. Because of the unavoidable
spatial dependence of the light intensity, the
measured lifetime is clearly averaged spatially

over one attenuation length.
An order of magnitude estimate of the absorbed

energy per pulse needed to saturate these initial
states in our sample is consistent with our inter-
pretation that the observed effect is a saturation
effect. With use of the parameters given by Mon-
emar, Shih, and Pettit® for Al; ;,Ga, cAs, for
our estimated saturated volume of 2.2X107'2 ¢m?
the total number of accessible states in the cen-
tral valley is 4.2 X10"'Av, where Av is deter-
mined by the bandwidth of the incident light pulse
and the relaxation time of the initial states. If we
take Av to be the sum of the two, or approxi-
mately 1,2 X10'3 sec™, the total number of ini-
tially accessible states is 5X10°, At a photon
energy of 2.02 eV, the needed absorbed energy
per lifetime (~ 40 fs) to fill half of the accessible
states is 8x1071% J, For a pulse length of 80 fs
and a repetition rate of 108 s™!, the combined
average power for both arms is 0.3 mW, Exper-
imentally, significant saturation (where TCP
>10% of background) is seen for powers above
. 0.1 mw,

This interpretation is also supported by a num-
ber of other qualitative checks. The observed
power dependences of the TCP height and the
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FIG. 3. Transmission signal vs total input power of
both beams, Filled circles indicate the height of the
TCP above background level; open circles, the back-
ground level, The solid line has a slope of 2, The
strength of the transmitted signal is significantly re-
duced by the attenuation in the GaAs layer behind the
AlGaAs layer, which changes the absolute scale bhut
has no effect on the saturation effect.
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FIG. 4. (a) Measured relaxation time for Al 3,Gagge-
As vs total input power of both beams; 1 mW corre-
sponds to a carrier density of 7x 108 em™3, (b) Cal-
culated value for the relaxation time of GaAs without
intervalley scattering (solid line) and with measured
(Ref. 12) T to I minima intervalley scattering (dashed
line).

background are consistent with the saturation ef-
fect. In the low-power range when carrier-car-
rier scattering is not important, the power de-
pendence of the peak height shown in Fig, 3 is
quadratic as predicted by Eq. (4). As the power
increases, the carrier-carrier scattering rate
increases linearly with the carrier density and
the total scattering rate increases. This reduces
the saturation effect and can cause the TCP to
decrease with increasing incident power as indi-
cated by the bends in the curves shown in Fig. 3.
This is also consistent with the power dependence
of the measured relaxation time shown in Fig.
4(a).

Since the numerical values for the parameters
needed for a theoretical estimate of the relaxa-
tion rate for Al ;,Ga, ,cAs are not available, it
is of interest to compare our results with esti-
mated GaAs relaxation rates. The dependence of
the total relaxation time for GaAs due to carrier-
carrier and OP intravalley scattering on the car-
rier density can be estimated on the basis of

known theories'®'*! as shown in Fig. 4(b). Acousti-
cal phonon scattering is neglected since it has
been estimated!! in GaAs to be an order of magni-
tude less important than OP scattering. The gen-
eral shape of the calculated GaAs curve is very
similar to the experimental results on Al ;,-

Ga, ¢;As shown in Fig. 4(a). Inclusion of the
measured I' to L minima intervalley scattering!?
reduces the estimated total relaxation time for
GaAs somewhat, but further inclusion of T" to X
minima scattering, of which we have no experi-
mental or theoretical value, could reduce this
even more, Judging from the density dependence
of the relaxation rates, we see that the carrier-
carrier scattering rate in Al; ;,Ga, (;As is also
close to that indicated by the theory for GaAs.
The optical-phonon scattering rate is the part
independent of the carrier density.

In conclusion, we have observed directly the
saturation of photoexcited Bloch states in the
conduction band of a semiconductor and measured
the extremely fast relaxation time from these ex-
cited states at room temperature.
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convolution of autocorrelation peak with an exponential of decay time 55 fs. Inset shows TCP at 1.44 mW, Solid
baseline indicates zero transmission. Horizontal scale is 1.1 ps/div.



