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ABSTRACT

In this paper, we study the behavior of photoexcited carriers in GaAs wafers containing self-assembled InAs quantum dots (QDs). These
samples were designed and grown to be employed as photoconductive antennae for terahertz (THz) generation. The implanted QDs serve to
shorten the overall carrier lifetime and enable pumping with lasers operating at wavelengths between 1 um and 1.3 um. Optical pump-THz
probe measurements reveal carrier lifetime shortening for higher pump powers in the unbiased antennae due to increased carrier capture via
Auger relaxation. This phenomenon significantly broadens the THz spectra from QD-based PCAs and explains the increased THz intensity

at higher frequencies presented earlier.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5083798

I. INTRODUCTION

Self-assembled InAs quantum dots (QDs) in GaAs lattices
are widely used in semiconductor photonics as gain media in
diode lasers,’ ampliﬁers,2 and as saturable absorber mirrors
(SESAMs)’ that allow subpicosecond pulsed lasing at rather high
powers.” Recently, QD materials, specifically designed for the
purpose, were demonstrated to successfully generate coherent ter-
ahertz (THz) radiation in pulsed”” and continuous wave
(CW)>™’ regimes after being pumped with compact semiconductor
QD-based laser diodes and other sources.

There is a wealth of research in the area of THz emitters, result-
ing in several established approaches. To avoid reciting them all here,
one can be addressed to well-presented reviews'”'' and books.'>"”
Among all of the generation methods, the best candidates for
compact and room-temperature operating sources are on-chip non-
linear semiconductor mixers of mid-IR quantum cascade laser (QCL)
radiation'* and photoconductive antennae (PCAs)"" that can be
pumped by compact ultrafast fiber'” and semiconductor"* lasers.
Most of these compact lasers operate at energies below the bandgap
of the most popular ultrafast material, low-temperature grown GaAs

(LT-GaAs). To make such compact systems viable, several approaches
have been developed, including the use of LT-InGaAs/InAlAs multi-
layer structures,'® GaBiAs-based substrates,”” two-photon absorption
enhancement with plasmonic nanostructures,’” and the use of the
above mentioned QD-based photoconductive devices.”’

For efficient THz generation, short carrier lifetimes are an
important material property for PCAs in both the pulsed and
CW pumping conditions.'”'""'? Because the THz far field time
domain electric field amplitude is proportional to the time deriv-
ative of the photocurrent inside the photogap of the PCA or pho-
tomixer (PM),"! longer carrier lifetimes lead not only to the
narrowing of the resulting THz spectrum, but also to a decrease
in the overall intensity of the generated THz signal. Traditionally,
these issues have been circumvented by employing low-temperature
grown semiconductors, where defects induced by the growth condi-
tions act as carrier capture sites that shorten the carrier lifetimes.”’
However, these defects strongly affect the wafer quality and hence
reduce the carrier mobility, thermal conductivity, and breakdown
threshold and increase nonradiative absorption that does not allow
high pump intensities.
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One promising material system for PCA applications is GaAs
wafers containing self-assembled InAs QDs. The InAs QDs serve
as fast carrier capture sites without compromising the wafer quality
of the high-mobility GaAs. InAs/GaAs QD SESAM structures have
been shown to have carrier lifetimes below 1ps.” The carrier life-
times and photoconductive response of QD photoconductive
wafers can be engineered at the design stage, thus enabling pump
wavelengths beyond ~ 1um”' to avoid the need for expensive and
bulky Ti:Sapphire lasers that are most widely used as pump sources
in THz photonic setups.”” To optimally configure the QD material
for efficient THz generation, one needs to study the connection
between its structure and properties.

Recently, after the wavelength-dependent THz generation
efficiency was revealed,” we investigated the processes leading to the
photoconductivity in these QD substrates.”' Our previous experiments
on THz generation showed that the spectral properties of the QD
PCA strongly depended on the pump power.”*’ Here, we elucidate
the reason for superior generation efficiency in the high frequency
range by studying the lifetime of the photogenerated carriers in the
QD semiconductor wafers with time-resolved optical pump-THz
probe spectroscopy.”* The results presented herein for carrier lifetime
shortening in unbiased QD wafers can be discriminated from the
spectral broadening via carrier screening reported earlier.””

Il. EXPERIMENTAL RESULTS
A. Sample preparation

In this work, two designs of the InAs/GaAs QD wafers for
THz generation were studied, which differ only in the number of
QD layers inside: 25 for Structure 1 and 40 for Structure 2. The
samples with different layer counts were made to check for any
compromise between the wafer quality and the photoconductive
efficiency of the resulting PCAs. The samples were fabricated at
different sites, but the growth conditions were kept as similar as
possible. The structures, depicted generally in Fig. 1(a), were grown
by molecular beam epitaxy (MBE) in the Stranski-Krastanov
regime on a semi-insulating (SI) GaAs substrate. QDs are set in
layers, and their sizes are precalculated to have ground, first, and
second excited states at 1260, 1180, and 1111 nm, respectively.

To ensure the uniformity of the QD layers in the stack, each
QD layer was grown by deposition of 2.3 monolayer (ML) InAs
at 500°C, capped by 4nm Ing;5GaggsAs, and then by 6 nm
GaAs. The temperature was then raised to 580 °C before growth
of the subsequent 30 nm GaAs spacer layer in order to desorb
segregated In. Also, prior to the growth of each QD layer, the
GaAs surface was annealed under an As, flux for 5 min to flatten
the growth surface. AFM analysis gives an estimated QD density
of around 3 x 10'° cm™2 per layer. A TEM image of a single QD
is shown in the inset of Fig. 1(a). More detailed sample parame-
ters can be found in Ref. 6.

The operating wavelengths of the samples were selected to work
with compact semiconductor laser pumps, which were previously
used to demonstrate efficient CW THz operation of the PCAs.” Both
structures have a 30 nm top layer of LT-GaAs to reduce the dark
resistance and allow ohmic contact with the metallic PCA electrodes.
This layer is very thin compared to the overall thickness of the active
regions (~ 1um for Structure 1 and ~ 1.4um for Structure 2), and
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FIG. 1. (a) lllustration of the QD wafer structure. The inset shows the TEM
image of a single QD; (b) photoluminescence of the QD sample and its opera-
tion as a THz emitter and detector.”

should therefore not significantly affect the thermal conductivity
or the carrier lifetimes of the samples. The photoluminescence
(PL) spectra and pump wavelength dependences of THz genera-
tion and detection efficiency of Structure 2 are shown in Fig. 1(b).°
The absence of any appreciable THz emission under ground state
(GS) pumping, despite the strong PL at these energies, has been
explained by a slower thermal extraction of generated carriers, in
comparison to significantly faster tunneling of the “hot” carriers
that are excited at shorter wavelengths, corresponding to the QD
excited states (ESs).”’

B. Experimental setup

To study the carrier relaxation processes, the samples were
pumped with energy above the GaAs bandgap to excite carriers
in the whole structure volume. For lifetime estimation, we used a
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time-resolved THz spectroscopic (IR pump-THz probe) setup”*
based on a THz time-domain spectrometer (THz-TDS) with the
third optical beam independently delayed and used to pump the
sample. The setup is shown in Fig. 2.

A Sprite-XT (M Squared Ltd.) femtosecond Ti:sapphire laser
was used to generate 800 nm pulses of 120 fs duration at a repeti-
tion rate of 80 MHz and a mean power of 1.85W. 95% of the
power was sent to pump the sample located in the focal spot of the
THz probe, which in turn was powered by the remaining 5% of
laser power split into two paths. As THz source and detector in the
THz-TDS setup, we use Teravil LT-GaAs PCAs. The pump beam is
attenuated by crossed polarizers, and independently delayed to
allow probing with the THz pulse at different times after excitation.

THz transmittance of the wafer is inversely proportional to
the number of free charge carriers existing therein, so by varying
the delay between the IR pump and THz probe, we can trace the
free carrier dynamics. Typically, and our TDS setup is no excep-
tion, the THz pulse consists of 1-1.5 field oscillations. Also,
because we use an unamplified laser source, the signal-to-noise
ratio was not optimal in our setup. Therefore, for the sake of com-
paring the carrier dynamics, we measured the amplitude at the
maximum of the THz pulse.

C. Lifetime measurement

Our THz-TDS setup allows focusing into a spot as small as
I mm in diameter without a significant loss of signal. The IR
pump beam was kept at a comparable size to maximize the effect
of transmission change within the overlap. For the maximum
pump power, and a pulse repetition rate and Gaussian beam
profile of 1 mm in diameter, the maximum energy density at the
semiconductor surface was J ~ 60uJ/ cm?. This energy density is
comparable to the one achieved at the QD PCA THz generation
operation revealing the spectral broadening.” Nevertheless, even at

DL1
DL2 ¢
\
AY
THz
¢ probe
pump QD —_—> ﬂ_ﬁ
] | DPCA
z <—ﬂf BS
50:50
EPCA
A 5
P 800nm A
120 fs, 1.85 W

FIG. 2. Experimental setup for IR pump—THz probe measurements.
BS—beamsplitters, EPCA—emitter PCA, DPCA—detector PCA, QD—InAs/GaAs
QD sample under study, DL1—THz TDS probe delay line, DL2—pump delay line,
P—polarizer.
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this pump level, picosecond dynamics in both QD structures are
clearly observed. All scans were performed several times and aver-
aged for enhanced signal-to-noise ratio. Figure 3 shows the power

) . - To-T,
dependence of the differential transmission — 4% = 2 vs the

pump delay. We emphasize that the THz radiation probes the con-
centration of only the “free” carriers present in the GaAs wafer and
InGaAs wetting layer (WL), but not the excited carriers captured
into QDs, unlike time-resolved PL, or optical pump-probe measure-
ments. Similarly, only the probed mobile electrons are responsible
for the THz generation in the PCA.

As one would expect, higher pump intensities induce a larger
change in the transparency of the sample due to the increased con-
centration of charge carriers. More interestingly, the dynamics of the
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FIG. 3. Relative transmission at maximum THz pulse amplitude through
Structure 1 (a) and Structure 2 (b). Exponential fits are plotted as a guide to the
eye and reveal a slower decay component, similar for all pump powers, and
gradually shortening with pump power growth faster decay. Numbers show the
exponent used for plotting the lines.
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differential transmission curves are clearly composed of two processes
with different decay times. We outline these slopes with independent
single exponential fits to illustrate this effect more clearly and to esti-
mate the time constants for each process. In both samples, the
shallow exponential slope at later times appears to be independent of
the pump power, while the steeper slope at earlier times decays more
quickly at higher pump powers. The lifetimes range from ~ 5ps
down to ~ 3 ps in Structure 1 and from ~ 6 ps down to below 5 ps
in Structure 2 when the samples are pumped with 12uJ/cm? to
604]/cm? pump energy densities. These lifetimes are much longer
than typical values for Auger processes, but the pump intensities
used in the measurement suggest that Auger effects might be promi-
nent here.*>” Overall, Structure 1 exhibits shorter lifetimes, which
are more dependent on the pump intensity. This might be attributed
to the better wafer quality due to a lower number of QD layers and/
or better growth environment. To explain the effect of the lifetime
shortening, we turn to a description of the processes involved.

11l. DISCUSSION

When pumping at 4 < 850nm, carriers in the whole wafer
volume are excited, and the time scales of nonradiative processes
can range from below one to hundreds of picoseconds.”””* These
time scales are predominantly determined by the carrier relaxation
processes. Time resolved THz spectroscopy distinguishes the
dynamics of carriers in the conductive GaAs substrate from the
nonconductive QDs. Hole dynamics, due to their low mobility, are
barely detected by the THz probe. Thus, the measured change in
the THz transmission follows the changes in the free electron
induced conductivity of the sample. Therefore, from this point,
while using the word “carriers” we refer to electrons only.

The longest living carriers recombine nonradiatively in the
low-defect ST GaAs bulk lattice. Two other distinct relaxation times
are associated with carrier capture by the QDs, removing carriers
from the conductive layers and reducing overall substrate conduc-
tivity. The measured carrier capture times are comparable to the
ones reported in Ref. 27 measured by ultrafast scanning tunneling
microscopy (STM) and induced reflectivity measurements. Auger
processes that dominate the carrier capture into QDs in our
samples® tend to have shorter times at higher fluences as the Auger
carrier-capture time decreases rapidly with increasing fluence.”” We
separate this ultrafast relaxation component of the Auger capture
into QDs at higher fluence into the third, ultrafast relaxation.

To account for the observation of three decay processes, we
describe our data with a triexponential model (see Ref. 27).
Differential transmission of the THz probe pulse is proportional to
the number of free carriers, —4F oc N, and the number of these
carriers can be written as

N(t) = NGaAs €xXp <_ ! )

TGaAs
t
+ Nqp exp (7 —)
QD
t
+NUA CXp(— —), (1)
TUA
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where Ng,as is the number of the carriers that are recombining in
the GaAs lattice, Nop corresponds to the carriers that are trapped
into QDs, and Ny, are the carriers that are recombining due to
ultrafast Auger processes, respectively. 7g,as, Tqp, and 7ya are the
corresponding capture or recombination times.

For the GaAs layers grown at 580 °C, the lattice recombination
constant Tgeas ~ 1ns to 2ns.”””’ To derive 7qp, we address the
lowest intensity pump scans, since there are substantially fewer car-
riers in this case, and Auger processes are much less likely. By
setting Nya = 0, we derive 7qp to be 7qp = 3 ps in Structure 1 and
7qp = 3.2ps in Structure 2. After fitting the time-resolved trans-
mission curves for the higher intensity pumps, the carrier recombi-
nation time through the excited dot state 7ys =~ 650 fs in Structure
1 and 7ya ~ 800fs in Structure 2, which are in very close agree-
ment with the previously measured values in similar samples.”’

Results of this triexponential fitting for the samples under
study are shown in Fig. 4. Plots (a) and (b) show N(¢) curves for
different pump energy densities for Structure 1 and Structure 2,
respectively. Plots (c) and (d) present the dependence of the
number of carriers split by their capture sites N(0) = Ngaas +
Ngp + Ny on pump energy density for Structure 1 and Structure
2, respectively. The values for Ngaas» Nop, and Ny were derived
from the retrieved parameters in the fitting.

In both structures, the number of carriers recombining slowly
into the lattice grows with the pump power, whereas the number of
carriers captured with the QDs remains relatively constant. Under
higher pump intensities, the carriers concentration becomes high
enough to engage recombination through ultrafast Auger processes.
As a result, even though the number of carriers that recombine in
the bulk GaAs lattice grows with the pump fluence, the effective
lifetime of the carriers in the wafer decreases.

Previously, in similar structures, carrier lifetime shortening‘g’z’"’30
was reported for resonant pumping, ie., pump wavelengths corre-
sponding to QD energy bands, where carriers are excited inside the
dots and subsequently extracted,”’ and off-resonant pumping, where
the photon energy exceeds the GaAs bandgap, and photocarriers are
generated in the bulk of GaAs. On the other hand, elongation of the
carrier lifetimes’' " at resonant pump wavelength was observed for
higher pump powers.

Our earlier works have shown that QD-based antennae can
successfully generate THz radiation in pulsed”™” and CW®>’
regimes, and also revealed a temporal shortening and correspond-
ing spectral broadening of the generated THz radiation with
increasing pump intensity.””* Previously, similar shortening of the
generated THz pulses was observed in bulk LT-GaAs-based PCA
and was ascribed to a carrier screening effect;”” however, the rate of
change in the case of QD-based PCAs was higher.

To discriminate these two effects, we performed a simulation of
the photocurrent in the PCA using the carrier lifetimes derived herein
and compare the spectra with those experimentally observed in Ref. 6.
The simulation approach is well described in Refs. 35 and 36. In the
case of the QD-based substrate, we split the total number of photogen-
erated carriers into three uneven parts with proportions and time con-
stants derived from the above mentioned triexponential carrier
concentration model, before numerical integration. Also, we omitted
the carrier screening effect in the model to discriminate the impact
of lifetime shortening. After applying a Fourier transform to time
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As can be seen from Fig. 5, the trend of spectral broadening of
the generated THz signal under higher pump powers experimen-
tally observed earlier” is followed by the spectra, simulated with
corresponding input pump powers and carrier lifetimes measured
in this work. Sharp features in the experimental curves originate
from experimental conditions, such as water vapor absorption in
‘ ! the THz path, minor imperfections in alignment, or the impact of
1 frequency (THz) 1.5 the antenna detector. The simulation does not take into account all
the aforementioned effects, hence the simulated curves look more
smooth, while clearly repeating the general trend.
Thus, spectral broadening of the THz signal from QD-based
THz PCA under off-resonant pumping at higher pump powers’® can
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FIG. 5. Normalized THz signal from QD PCA at different pump intensities.
Open markers show experimental data and lines depict simulation results.
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originate not only from screening effect but also from carrier lifetime
shortening. Since carrier lifetime is an important parameter that
affects the THz generation efficiency, there is a need for more thor-
ough study and qualitative and quantitative analyses of THz photo-
current generation in QD-based wafers, because high quality QD
wafers are one of the most promising candidates for THz generation
under high pump powers due to their quality and thermal tolerance.

IV. CONCLUSION

In this paper, ultrashort photocarrier lifetimes in InAs/GaAs
QD wafers for THz generation were revealed by IR pump-THz
probe spectroscopy. The overall carrier lifetimes drop with the inten-
sity of the pump, and differential transmission profiles reveal several
relaxation processes with different time scales. These processes are
quantitatively assessed by a triexponential model that accounts for
different relaxation processes in the wafer; the slowest is associated
with the GaAs lattice, while the fastest occurs in the QDs. The
results are in good agreement with previous observations,™” and the
lifetime shortening can explain earlier reports of THz spectral broad-
ening in QD-based materials.” This lifetime shortening opens up a
pathway to develop more efficient and broadband QD THz sources
in conjunction with high-power semiconductor laser pumps.
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