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An all-optical time-of-flight technique is used for measuring perpendicular carrier transport in
semiconductor heterostructures and multiquantum wells (MQWs). This technique is based on
measuring a change in surface reflectance due to the absorption nonlinearities induced by the
carriers, and has a temporal resolution of ~1 ps. Typical results on a GaAs/Al,Ga; _ ,As
MQW and an Ing53Gagg7As/Ing 5pAly 45As MQW are compared. The observed fast transport
times can only be explained by a field-dependent carrier emission out of the quantum well, after
which transport through the continuum states can occur. Due to larger barriers in the
Ing 53Gag 47As/Ing 5;Alg 45As system, this intrinsic limit to transport is much larger, and hence
these devices are observed to be slower than their GaAs/Al,Ga; _ ;As counterparts.

As material quality and processing techniques con-
tinue to improve over the years, the speed of optoelectronic
devices using multiquantum wells (MQW) has improved
to the point where intrinsic material characteristics, such
as the carrier transport, recombination lifetime, etc., are
expected to be important jssues.! GaAs-based device struc-
tures have been the most investigated, owing to the matu-
rity in the growth technology.” For 1.5-um optical fiber
communication applications, carrier dynamics and trans-
port in InP-based material systems needs to be understood
as well. Optical switching and computing at A = 1.5 um is
an important area of research, with considerable interest in
high speed electro-optic and electroabsorptive modulators.
Most of these optoelectronic devices operate at high optical
densities where, in order to prevent bleaching of the ab-
sorption, it is necessary to quickly remove the carriers out
of the quantum wells® to their respective electrodes. The
time it takes for this transport process to occur gives an
intrinsic limit to the operating speed of the device. This
perpendicular carrier transport in typical heterostructures
with ~1 um of active region occurs in the time scale of a
few to several tens of picoseconds, depending on the par-
ticular structure. Time-of-flight measurement technique
has been the most popular scheme for studying intrinsic
transport properties of devices, where conventionally a car-
rier packet is injected either electronically* or by using a
short pulse laser,” and the resulting current pulse at the
other end of the device structure is detected electronically
by a fast sampling oscilloscope. However, to achieve single
picosecond time resolution, it is necessary to use all-optical
techniques based on ultrashort pulse lasers for the injection
as well as the detection of the carrier packet.

In this study we report on an all-optical time-of-flight
measurement with single picosecond resolution, for study-
ing transport in a variety of heterostructure and MQW
devices in both GaAs and InP-based material systems. A
short pulse femtosecond laser is used to photoinject a car-
rier population near one end of the vertical device structure
as shown in Fig. 1. This carrier population will ultimately
reach the other end, dictated by the transport properties of
the device. The detection can be done optically, by moni-
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toring the carrier induced change in the optical
reflectance,® absorption, or photoluminescence7 through a
variable-time-delayed laser pulse. The presence of carriers
causes absorption nonlinearities through bandfilling, band-
gap renormalization, and free-carrier absorption. This in
turn can be related to the changes in the reflectance (AR)
through the Kramers—Kronig relations.® In our experiment
we monitor the reflectance from both sides to determine
the initial photoinjected and the final carrier distribution,
as shown in Fig. 1.

The typical sample structure consists of a p-/(MQW)-
n diode to study the electric-field dependence of the trans-
port process. The samples are grown by solid source mo-
lecular-beam epitaxy (MBE) and the layer schematic is
shown in Fig. 2, for the GaAs/Al,Ga; _,As (x=0.15)
and Ing 53Gag 47A8/Ing 5pAly 4gAs devices. Mesa-etched di-
odes (diameter = 500 um) were then fabricated, with an-
nular p contacts on the top for optical access. To gain
optical access from the backside, chemical etching is used
to etch backholes in the GaAs and InP substrate, as de-
picted schematically in Fig. 2. Since optical reflectance is
used to probe the carriers arriving at the surface, the etch-

window layers

pump

/ laser initial
distribution

probe
\ laser

pump
laser

final
distribution

FIG. 1. Schematic of the all-optical time-of-flight measurement of trans-
port in semiconductor heterostructures, using ultrashort laser pulses.
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FIG. 2. Layer structure of the MBE grown GaAs/Al,Ga,; . ,As and lat-
tice-matched Ing 53Gag 47A8/Ing 5,Aly 4As MQW.

ing technique should result in optically smooth surfaces.
The details of the etching technique, which to the best of
our knowledge, has been developed for the InP substrate
for the first time, can be found in Ref. 9. Besides providing
the p+ and n 4+ contacts, the window layers serve as
mechanical support, as etch stop layers in the chemical-
etching process, and also to confine the carriers at each
end, which results in an increase in the detected signal AR.
To generate carriers in the active region only and not in the
window layers, a 100-fs visible colliding pulse mode-locked
dye laser (A = 620 nm) is used for the GaAs samples. For
the InP-based devices a femtosecond Ti-sapphire laser
tuned to a wavelength just below the Ings,Al;45As band
edge is used. Since the laser noise spectrum shows typical
1/f noise with corner frequencies in several hundreds of
KHz, high-frequency lock-in detection with frequency
heterodyning'® is used to detect small signal changes in
AR/R down to 10~ . This is especially important because
low excitation densities have to be used to avoid significant
space-charge screening of the applied field, as will be dis-
cussed later. All the measurements were done at room tem-
perature.

It is important to know the transport times in p-
i{(MQW)-n diodes used for electroabsorption modulators
and self-electro-optic effect devices (SEEDs), to optimize
their high speed response. Figure 3 shows the dc photocur-
rent as a function of the true internal electric field for a
90-A/90-A GaAs/Aly5GaggsAs MQW sample and a 80-
A/140-A Ing 53Gag 47As/Ing 5,Alg 45As sample. The laser
wavelength is tuned to ~ 10 MeV above the n = 1 absorp-
tion using a Ti-sapphire and color center lasers, for the
GaAs/AlGaAs and InGaAs/InAlAs MQW, respectively.
Very low excitation densities were used to avoid absorption
bleaching effects. It is seen that the current “levels off” for
the GaAs/Al Ga, _ ,As sample, whereas even for high E
fields it does not do so in the Inj 53Gag 47;As/Ing 55Alg 43AS
sample. The total carrier escape rate from a quantum
well'! can be approximated as given below:
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FIG. 3. Direct current photocurrent data vs electric field for a typical
GaAs/Aly 1sGaggsAs and Ing 53Gag 47A5/Ing 5Alp 1545 MQW.
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The three terms represent recombination, thermionic
emission, and tunneling, respectively, and are electric-field
dependent, and are assumed to be independent in the above
expression. This simple expression does not involve pho-
non-assisted scattering mecha.nisms,11 which may become
important for some structures as discussed later. The pa-
rameters H,(E) and H(E) represent effective barrier
heights for the thermionic emission and tunneling process,
respectively.'? L,, is the well width, L, the barrier width,
the subscript “#’ stands for electrons or holes, m; is the
effective mass in the well, and m,; is the effective mass in
the barrier. Recombination times in these MBE grown ma-
terials are ~1 ns, and due to the extremely thick barrier
widths in the samples (90 and 140 A) the tunneling rates
are negligible, except at high fields. Hence carrier sweep-
out is governed by the field-dependent thermionic emission
over the barrier followed by transport to the respective
electrode through the continuum states. For the
GaAs/Al, sGa, gsAs sample, based on a finite square well
model, we calculate the barrier heights seen by the n =1
electron and heavy hole subbands to be 82 and 67 MeV,
respectively. For the Ing 53Gag 47As/Ing 55Al) 43As sample,
similar calculation gives electron and hole barriers to be
375 and 273 MeV, respectively. Thus the barriers for both
types of carriers are increased by a factor of more than 4 in
the Ing 53Gag 49As/Ing 5,Aly 4As sample. Hence from Eq.
(1), the carrier escape through emission over the barrier
and their subsequent collection is much more efficient
in the GaAs/Aly;sGaggsAs sample than in the
Ing 53Gag.47A8/Ing 5,Al; 43As sample, which would explain
the observed photocurrent vs the electric-field dependence
of Fig. 3 in the two samples.

The inset in Fig. 4 shows the all-optical picosecond
time-of-flight measurement at E~ 50 kV/cm for the above
two samples. The initial photoinjected carrier distribution
at the front surface (not shown in the figure for clarity)
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FIG. 4. Carrier transport times across the MQW region as a function
of applied bias for a typical GaAs/Aly;sGaggsAs and
Ing 53Gag 47AS/Ing s5Aly 43As sample. (Inset) time-of-flight data for the
above two samples at £~50 kV/cm.

shows a sharp “steplike” curve with ~ 1-ps rise time, fol-
lowed by a slow decay of several hundred picoseconds,
determined by the trapping of carriers at the interfaces,
and the transport away from this photoexcited region. Due
to transport through the MQW region to the other end of
the device structure, this leading edge will get smeared out
in time. The rising edge of this final distribution, as de-
tected at the opposite end of the device structure, gives a
measure of the average transport time across the structure.
This is observed to be ~ 10 ps for the GaAs/Aly 1sGag gsAs
sample, whereas for the Ing 53Gag 47As/Ing 55Alg 4gAs sam-
ple this time is ~32 ps. From Eq. (1), substituting the
relevant parameters for the above two samples, at an ap-
plied bias corresponding to E~50 kV/cm, calculation
shows that for the GaAs/Al, sGaggsAs sample the ther-
mionic emission over the barrier takes ~ 1 ps, whereas the
tunneling time is ~28 ps. The drift time across the intrin-
sic region, assuming saturated drift velocity (v = 107 cm/
s) transport via the continuum states is < 10 ps. Hence the
transport is consistent with the picture of thermionic emis-
sion over the barrier followed by drift through the contin-
uum states. For the GaAs/Aly 15GaggsAs system, similar
very fast escape times have been measured in shallow (x
<0.06) quantum wells.'* For the Ings;GagesAs/
Ing s;Alg4sAs sample the thermionic emission time over
the barrier is calculated to be orders of magnitude larger,
due to the much higher barriers. However phonon-assisted
scattering from lower subbands to higher confined states or
the continuum can occur in several tens of picoseconds,
followed by rapid tunneling or drift."! This could therefore
explain the observed fast transport times in the
Ing 53Gag 47A8/Ing 5Al 43As sample.

It should be noted that the photogenerated carriers,
especially the holes, since they are trapped longer in the
wells,' will lead to a space-charge screening of the applied
electric field. For the low excitation density of ~0.8
kW/cm? used in our experiment, this effect leads to about
a 15% variation in the internal field over the intrinsic re-
gion, calculated on the same lines as in Ref. 14, and there-
fore does not qualitatively alter the results. From the time-
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of-flight measurements, we can also determine the carrier
sweep-out time as a function of the applied bias for the
above samples. This is depicted in Fig. 4. For low biases of
E <20 kV/cm, the carrier sweep-out time is seen to in-
crease rapidly. At higher fields this value saturates to ~8
ps for the GaAs/Al; ;5Gag gsAs sample and to ~ 30 ps for
the Ing 53Gag 47A8/Ing 5,Al, 43As sample. Note that this is
also a direct measure of the maximum operating speed of
devices having a similar layer structure for the active re-
gion, under actual operating conditions. For room-temper-
ature operation, the intrinsic limit to the response speed is
primarily determined by the carrier escape out of the quan-
tum well, and hence lower and thinner barriers are needed
for faster response speeds. It should also be noted that due
to the applied reverse bias and photoexcitation on the p-
contact side, the electron transport is being measured.

In conclusion, we demonstrate the applicability of an
all-optical time-of-flight technique using reflectance mea-
surements, for directly measuring the intrinsic carrier
transport in commonly used optoelectronic device struc-
tures with single picosecond time resolution. In particular,
by comparing the transport in a GaAs/Al, sGag gsAs and
Ing 53Gay 47As/Ing 5,Alg 43As sample, which have markedly
different barriers, we show the importance of the field-
induced carrier sweep-out from the quantum well in deter-
mining the intrinsic transport speed of an MQW structure.
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