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Electron relaxation and transport dynamics in low-temperature-grown
GaAs under 1 eV optical excitation

Chi-Kuang Sun,® Yen-Hung Chen, and Jin-Wei Shi
Graduate Institute of Electro-Optical Engineering and Department of Electrical Engineering,
National Taiwan University, Taipei 10617, Taiwan, Republic of China

Yi-Jen Chiu, Kian-Giap Gan, and John E. Bowers
Department of Electrical and Computer Engineering, University of California, Santa Barbara,
California 93106

(Received 10 April 2003; accepted 23 May 2003

Electron relaxation and transport dynamics in low-temperature-grown GaAs under 1 eV optical
excitation was investigated by femtosecond transient transmission measurement and electro-optical
sampling measurement in bulk samples and fabricated devices. An increase in the electron lifetime
can be observed when the electron density is higher thah®’ cm™3. This effect is attributed to
prolonged electron relaxation due to intervalley scattering of highly excited electrons and associated
hot phonon effects. Our conclusion is further supported by bias-dependent studies where intervalley
scattering was achieved using high electric fields. 2@03 American Institute of Physics.
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In recent years, there has been sustained interest in lovexpitaxy chamber on top of a @m AlGaAs layer for the
temperature-grow(LTG) GaAs based optoelectronics due to etch stop and waveguiding. In order to avoid undesired ab-
their ultrashort response time, high electrical bandwidth, lowsorption from GaAs substrates during pump—probe measure-
dark current, and ability to be integrated with other micro-ments, the substrates were removed by a mixed solution of
wave devices such as high electron mobility transistors anditric acid and hydrogen peroxidé:1). The LTG GaAs
antennas:?> Even though most applications have been re-samples with the substrate removed were mounted onto glass
stricted to the~800 nm range, more and more attention hassubstrates directly without any wax or adhesive. With the
focused on their potential use for the telecommunicationsame wafers, we fabricated MSM TWPDs with varying ab-
regime(1.3—1.55um)*>~" by utilizing midgap defect state to sorption lengths. The device structure is the same as the one
conduction band absorption or two-photon absorption. Reused in Ref. 9. We employed a 150 fs*Crforsterite laser
cently, ultrahigh speed high power-bandwidth performanc&110 MHz repetition ratethat operated at 1230 nft eV) as
has been demonstrated around B with LTG GaAs the light source for time-resolved measurements. By control-
metal-semiconductor-met@SM) traveling-wave photode- ling the average photoexcited carrier density below the space
tectors (TWPDS.>® It is thus important to investigate the charge screening effect regime: (0'7 ¢cm™3), linear pho-
electron relaxation and transport dynamics in LTG GaAs untocurrent response versus 1230 nm photoexcitation power
der 1.3um excitation. Previous pump—probe studies at 1.5&an be measured in the devices, indicating that two-photon
um® have provided information for subband gap carrier dy-absorption is not the dominant transition in our measure-
namics. Compared with 1.56m excitation, 1.3um excita-  ments. For even higher excitation conditions, the absorption
tion generates high-energy hot electrons so more complieoefficients in the thin films were found to be constant, indi-
cated electron relaxation dynamics are expected, and thesating that our dominant transition should be the midgap
could strongly influence the carrier transport and device pereefect state to conduction band transitions and the dominant
formance. In this letter, we report a study of LTG GaAsdynamics in our study are due to electrons. With 1 eV photon
under ~1.3 um excitation by transient transmission mea- energy, the electrons in the defect state Fermi surface will be
surements in bulk samples and electro-optiEaD) sampling  excited into the conduction band in tlevalley with excess
measurements of fabricated devices. An increase in the eleenergy of around 300 meV, which is close to thevalley
tron capture time was observed when the electron densitsninimum. A previous study of LTG GaA&Ref. 10 using 2
was higher than $10'” cm™3. This increase is attributed to eV photoexcitation has indicated the importance of interval-
prolonged electron relaxation in the conduction band due tdey scattering and the thermalization process in hot carrier
intervalley scattering of the highly excited electrons and astelaxation processes.
sociated hot phonon effects. Our conclusion is further sup-  Figure Xa) shows traces of measured transient transmis-
ported by electric field-dependent studies where intervalleyion with 1230 nm pulses. The electron densities are calcu-
scattering was achieved by high electric fields. lated from the amount of optical absorption power by the

The 500 nm thick LTG-GaAs samples under study weremethod described in Ref. 11, taking into account the Fabry—
grown at 210 °C and annealed at 600 °C in a molecular bearReaot effect. A similar measurement was also performed us-
ing 800 nm femtosecond pulses, and it indicated subpicosec-

aAuthor to whom correspondence should be addressed; electronic maiPNd _Carrier t_rap_p_lng tlme, conS|§tent with numerous previous
sun@cc.ee.ntu.edu.tw studies® A significant increase in the carrier trapping time
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FIG. 1. (a) Traces of normalized transient transmission measured with 1230

nm pump—probe pulses. The electron densities generated are 1.6, 3.2, 48G. 2. EO sampling measured time constgofgen symbolsand obtained
and 5.4<10'" cm™* from top to bottom, with corresponding fitting decay electron lifetime(closed symbolsunder 1.3(squarg, 3.1 (triangle), and 5.7
time constant increases from 0.8, 1.9, and 4.7 to 5.8tpdNormalized EO  mWw (circle) excitation as a function of the bias voltage.

sampling traces of LTG GaAs based MSM TWPDs measured at 1230 nm

under fixed 5 V bias under different optical excitations. The average excita-

tion powers and the average electr_on densitie_s are 1.3, 2.6, 3.1, and 5.7 mMM5 hdqwidth and a carrier drift timey much longer than the
and 1.5, 3.0, 3.6, and 6610 cm™3, respectively, from top to bottom. Co . .
The traces are displayed vertically for clarity. carrier lifetime, thg |mpu_lse current response tlme_f the

measured TWPD is dominated by the electron lifetirpén

our casewith 1/7=1/7.+ 1/74),® while the devices internal
was not observed until the photoexcited carrier density waguantum efficiency is determined by thg/ 74 ratio. Figure
higher than 2 10'® cm™2 (from 0.6 to 1.2 ps By contrast,  1(b) shows the measured EO impulse current response of a
the 1230 nm measured traces exhibit much serious broadeng um long LTG GaAs MSM TWPD under 1230 nm exci-
ing with lower photogenerated electron density. When theation with 5 V bias(corresponding to an electric field of 10
electron density increased from 1.6 to 840" cm™3, the  kv/cm in the center of the guiding mofje The average ex-
fitted decay time constants dramatically increased from 0.8itation powers before the coupling lens were 1.3, 2.6, 3.1,
to 5.5 ps. Since we were probing the 1230 nm transition, thend 5.7 mW with average photocurrents of 4.3, 12.1, 13, and
measured 0.8 ps decay indicates fast electron capture bagk uA in the traces from top to bottom. These EO-sampling
into defect states combined with fast electron relaxationesults also show broadening behavior with an increase in
down to the bottom of thé valley, both of which leave the photoelectron density. The fitted decay time constants in-
probing area. However with photoelectron density slightlycreased from 0.8, 1.4, and 1.6 to 2.8 ps with an increase in
higher than 310" cm 3, slower electron relaxation electron density. Figure @pen symbolsgives the measured
should not be induced by defect state saturation based on owtrunder 1.3, 3.1, and 5.7 mW excitations versus the bias. A
800 nm study. The slow electron relaxation and capture progdramatic increase in the time constant can be observed when
cesses under high excitation should thus be attributéd)to the excitation power was increased to more than 2 mW in-
faster electron scattering knspace with higher electron den- dependent of the bias. Based on a guiding mode calcufation
sity that quickly moves the electrons out of the photoexcitedand absorption constant measurements, the corresponding
region and(2) slower thermalization due to intervalley scat- carrier densities based on the measured photocurrents can be
tering and hot phonon effects. Intervalley scattering shouldbtained. However the values obtained are not the electron
play an important role in preventing hot electrons from beingdensity generated due to the short electron lifetime. In order
captured. A previous stud§using 1.72 eV pulseéwith less  to calibrate the photogenerated electron density, one can di-
electron excess energy compared with that in our experivide the carrier density by the internal quantum efficiency.
men) also indicated that with a hot carrier density of 1 By lowering the excitation power to the linear response re-
X 10'® cm™3, the carrier cooling rate will be reduced due to gime (5 uA/mW under 5 V biaswhere space charge screen-
hot phonon effects. ing is negligible and the bias field is high enough for satura-

Even though our pump—probe study indicated an anomation drift velocity of electrong~50 km/9,'® the generated

lous electron relaxation process with hot electron densityarrier density can be determiffeblased on an estimate of
higher than 3< 10'" cm™3, this study cannot provide direct the electron drift time. These electron densities under high
information on the electron lifetime. In order to study life- excitation conditions in Fig. (b) based on the assumption of
time behavior with a high density of photoexcited hot elec-a linear absorption are 1.5, 3.0, 3.6, and>61®’ cm™3 (for
trons under 1 eV excitation, we performed time-resolved EQL.3, 2.6, 3.1, and 5.7 mW
sampling measurements of MSM TWPDsnder 1230 nm Based on the theofyhat the internal quantum efficiency
femtosecond pulse excitation. The photocurrent measurds determined by ther./74 ratio and 1= 1/7.+1/74, we
ments of different absorption-length devices indicate an efean thus obtairr, and 74 from the measured EO dataith
fective absorption constant of 0.0dm™* (including a con-  7) and the measured photocurrerttgith internal quantum

finement factor. With an extremely wide velocity-mismatch efficiency) under high excitation. Figure 2 also shows thus
Downloaded 11 Nov 2005 to 128.111.125.82. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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Bias V) mixers under~585 nm excitation was reported earftér.
It is also reasonable to argue that with a high bias field
600'0 ' 2;5 ’ 5;0 . 7:5 ' 19-0 . 12|-5 ' 15.0 the resulting hot electrons will also lengthen the electron
' lifetime and thus degrade device response. In comparing Fig.

g 50- / _ 2 with Fig. 3, we see a dramatic increase in device response
X ] \ time and electron lifetime when the bias field is higher than
> 40 = ~__ | the ve!ogity satura}tio_n figld, Fhus confirming this. Pleasg note
‘o ] / 0>_' P u | that this increase in lifetime is not due as reported previously
2 30 :/V N ] to the effect of lowering of the Coulomb barriérwhich
> dominates device response when the electric field is greater
£ 20: / ] then 44 kV/cm(or 25 V in our devices*’
(=) / 1 In conclusion, electron relaxation and transport dynam-
g y 0_' ics in LTG GaAs under 1 eV excitation were investigated
5 T with femtosecond transient transmission measurements and
0] ] EO sampling measurements in bulk samples and fabricated
E 0 0 é " 1'0 " 1'5 " 2'0 " 2'5 " 3‘0 devices. An interesting increase in electron lifetime time was
observed when the photogenerated electron density was
Effective Electric Field (kV/cm) higher than 310" cm™3. This increase in electron lifetime

is attributed to prolonged electron relaxation in the conduc-

FIG. 3. Electron velocity obtained vs the electric field under 5Quaré,  tjon band due to intervalley scattering of the highly excited
26 (clrcle), and 3.1 mWiriangle excitation. electrons and associated hot phonon effects. Our conclusion
) o ) B is further supported by field-dependent studies where inter-
derived electron lifetiméclosed symbols Slight modifica-  yajley scatterings can be achieved by high electric fields. The

tion from the measured time constants can be seen, but simigsy|ts of this study provide information for hot electron dy-

lar trends remain. We can also obtain the electron drift time,amics in LTG GaAs as well as for future optimization of
(thus the effective drift velocity Figure 3 shows the electron irafast optoelectronic devices.

velocity obtained versus the effective electric field under
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