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Carrier dynamics in low-temperature grown GaAs studied by terahertz
emission spectroscopy
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Ultrafast dynamics of free carriers in low-temperature grown GaAs was studied using time-domain
terahertz emission spectroscopy. The subpicosecond free-carrier lifetime was determined for a set of
annealed samples with different growth temperat(i66—250 °Q, the carrier mobility was also
estimated. The influence of the growth temperature on the ultrafast carrier trapping is discussed.
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I. INTRODUCTION including the photocarrier trapping and cooling, and the
photoinduced absorptidhi, and as(ii) high excited-carrier

. s ) >~ "densities (1&-10cm™3) have to be used. Consequently, a
material for the fabr|cat|on of photoconductlve THZ emltt(.e.rslarge number of physical phenomena can contribute to the
or detectors. Its unique properties are good carrier mobility

high dark resistivity, and subpicosecond carrier lifetimes dbserved signal: band filling, carrier scattering, band-gap
’ : " renormalization, free-carrier absorption, trapped-carrier reab-
GaAs grown by molecular beam epitadyBE) at tem- b pp

peratures lower than 300 °@T GaAs) presents a 1%-—2% sorption, filling of the miniband states. The observed effects

: . thus depend significantly on the pump intensity and on the
arsenic excess Wh_'Ch depends on the growth temperag.re pump/probe wavelength. These problems can be avoided us-
and on the arsenic pressure during the deposttfoAs a

) . : A . ing the optical pump—terahertZHz) probe experiments as
result a high density of arsenic antisite defectg s pro- discussed in Ref. 19; on the other hand, the temporal resolu-
duced and4forms a donor m.|n|band clqse to the ce_nter of thf’fon in these experiments is decreased to about 400 fs due to
band gap'* The concentration of As, increases with de-

creasingT, and can reach #8-107°cm™3, which leads to a the length of the THz pulses.

S . - In this contribution we propose a method for extracting
decrease qf the re S'.S“V'ty due to hoppm 9 conduc?ﬂri[he the subpicosecond photoexcited carrier dynamics directly
concentration of ionized donors As which are responsible

for the fast elect ¢ ) d ds st | th from the temporal wave form of the THz pulses which are
or the Tast electron trapping, depenads ssrongy on € Cong mitted from a biased LT GaAs sample. The advantage of
centration of acceptor@allium vacancies® The as-grown

| h v th I led: Th this method is that the photo-induced absorption is avoided,
sampies are then usually thermally annealed. 1€ eXCess qflas e measurement is not sensitive to the carrier cooling,
senic precipitates into metallic clusters surrounded by deénd that low carrier densitigtess than 18 cm-3) are used:
pleted regions of _As_/(_BaAs barriers which aI_IO_W one to " Thus the trap filling and the screening of the carriers can be
cover the high resistivity.The role of the precipitates in the completely neglected. Also, time constants as small as 250 fs
fast carrier recombination process is, however, not yet COM=_ 1 be detected '
pletely clear. Recently, attempts have been made also to dope '
LT GaAs during the MBE growth with compensating accep-

tors, namely with Be, in order to increase the number ofll. EXPERIMENTAL METHOD AND RESULTS

Asg, the trappinl% time reduction was observed for heavily 110 samples investigated in this study were grown by
doped samples: _ _ MBE on a semi-insulating GaAs substrate: First, a 72.5 nm
A detailed understanding of the mechanisms of the ulg5ag puffer layer was deposited at 600 °C, subsequently, a
trafast response is a crucial point that allows one to optimizq_slum layer was grown at a temperatuFg. Four samples
the elaboration technology and to control the properties of;q e prepared withT,=175, 200, 225, and 250°C. The
the material. As the photocarrier trapping is a nonradiativesamwes were then a?mealed for 10 min at 600 °C. Gold pla-

process in undoped LT GaAs samples, photoluminescence,, ejectrodes were deposited on the layer surface with two
measurements cannot be used for the carrier lifetimeygarant spacing$4 and 6 mn.

determinatior?:*! The most commonly applied technique is During the experiments a high bias voltage was applied
thus the optical pump—probe experimént:*~*"However, ine electrodegbetween 800 and 2500)Vthe space be-
the interpretation of the obtained pump—probe signals is difyyeen them was then uniformly irradiated by a femtosecond
ficult as (i) several decay components are usually observeBmse train coming from a Ti:sapphire oscillatoix
=800 nm,t,=100fs, repetition rate 76 MHzthe generated
aEjectronic mail: kuzelp@fzu.cz free-electron densities ranged from*4@ 10°°cm™3. The

Low-temperature grown GaAs is the most widely used
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Ill. THEORETICAL MODEL AND DISCUSSION

Tg=200°C The transient current densitghrough the emitter causes
° E?‘pef'me”t the emission of a THz fiel&,,. Far from the emitter, the
Fit on-axis field is given by
dj
Ern* de dy dz (1)

S
ﬁ where the integration is taken over the whole emitter. The
g current density depends on the free-carrier concentration
2 and on the mean velocity of the electrons:
L
3 T,=250°C I=—emw, @
ﬁ o Experiment the contribution of the holes which have a much smaller
F Fit mobility is neglected. Our model of the carrier transport is

based on a set of kinetic equatiéhhich can be written for
the LT GaAs layer as well as for the GaAs substrate as fol-

lows:
dn_ n G 3
i ] i 1 L L i 1 i
0 1 2 3 4 5 d_l):_i eE|oc(r)_ vG(t,r) @
Time delay (ps) dt Ts m* n '’

FIG. 1. Examples of the THz wave form in the far field for different growth Where G is a photoinjection rateE, is the local electric
temperatures. field, . is the free-electron lifetime, and is the velocity
relaxation time. A term describing the carrier diffusion was
omitted in Eq.(3) as it has no impact on the subpicosecond
emitted THz signal was detected in the far field throughdynamics. The last term of E¢4) allows one to define cor-
electro-optic(EO) sampling using a 1-mm-thickl10) ZnTe  rectly the mean velocity of the free carriers during the
crystal.zo The far-field profile of the THz pulse is propor- generation processin=G dt is the density of the newly
tional to the time derivative of the current between thegenerated carriers with zero average speed, thus the change
electrodesg!?? It is important to stress that no focusing op- of the average speed of all the carriers is
tics should be used in the path of the THz beam in order to
avoid the wave form distortion due to the phase change and = —, G(t—r)dt (5)
spectral filtering?® In our approach the whole shape of the n

THz electric field is fitted in contrast with the emission ex- This treatment is necessary as the velocity relaxation time in
periments carried out in quantum wells and superlafticds  he substrate is longer than the excitation optical pulse.

where only the resonant frequency was being determined, | the emitter is irradiated at normal incidence, the pho-
and that are thus less sensitive to the presence of mirrors aRginjection rateG can be factorized:

lenses.

The experiments were performed under nitrogen atmo-  G(LN)=9(Oh(x,y)f(2), (6)
sphere in order to avoid water vapor absorption. We verifiedvhere thez axis is normal to the emitter surface. We used an
for all studied samples that, within the above-specifiedexcitation beam with a diameter exceeding the gap between
ranges, the shape of the THz wave forms depends neither QRe electrodes, consequenthfx,y) is only a very slowly
the distance between the electrodes, nor on the magnitude gérying function. As Eq(3) is linear with constant coeffi-
the applied voltage, nor on the incident light intensity. Ex-cients, and since the initial carrier concentration is negli-
amples of the measured wave forms are given in Fig. 1. Thgible, the free-carrier concentration can be factorized in a
shape of the wave forms is essentially given by the dynamicgery similar form:
of the carriers in the LT GaAs layer and in the GaAs sub-
strate(13% of the incident power is absorbed in the Bulk n(t,r)=n(Oh(x,y)f(2). @
and by the detection process in the ZnTe sensor. We assume that the variation of the local electric fiElgl,

The relation between the true THz wave form and thealong z is very slow near the surface where most of the
wave form obtained through the EO sampling has alreadyarriers are generated. Using similar arguments as for the
been describet??® The complex THz spectrum is simply free-carrier concentration, the solution of E4) can be writ-
multiplied by the autocorrelation of the optical pulse and byten in the form:
spectral characteristics of the EO cryg&ge Eq(61) in Ref.

26]. We have experimentally determined the THz dielectric 2 (1) =0 (DEiac(X.y). ®)
spectrum and the group refractive index near 800 nm for oult can be then shown that E¢l) becomes after the integra-
ZnTe sensor. These data were then used for the fitting.  tion:
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TABLE |. Free-electron lifetime and mobility in LT GaAs for different ~agg grsenitl ranges from 6.6 to 1:810%cm3 (Ref. 9
growth temperatures. . T . .
and is therefore four to five orders of magnitude larger than

T4(°C) 7T(fs) PRCH AT the photocarrier densityn=10"-10"cm3. Although a
250 660: 50 22505 100 quantitative mpdel of precipitate formation during the post-
205 450+ 50 2350+ 100 growth annealing has not yet been developed, we are con-
200 37550 3000+ 500 vinced that the remaining antisite defect density is signifi-
175 280100 cantly larger than the excitation density in the TDTES

measurements. This is supported by the observation that the
measured temporal shape of the THz transients is indepen-
dent of incident laser intensity.
d T .
Enp® — (@7 (1)o7 (1) + aBnB(t)vB(t)), (9) The momentum scattering time' determines the mo-

ot bility of the free electrons. The phonon scattering is the
where the superscripts LT aristand for the layer and the dominant scattering mechanism at room temperature in
substrate, respectivelyy is the fraction of the absorbed Single crystals of GaAs. In contrast, for heavily damaged
power (82% for the layer, and 18% for the substjatéhe  Materials like LT GaAs elastic scattering by neutral and ion-
bulk lifetime 72 is significantly longer than" and therefore ~ 1z€d impurities prﬂ/aillé‘.’ The mobilities of our samples are
it cannot contribute to the measured fast dynamics. The mo?250—3000 chv s These values are in good agree-
bility of the free carriers in the bulk, which is connected to Ment with theory of neutral impurity scattering in GE}aA%;’V'th
72, is supposed to be knowr000 cnfv~ts 28 our @ neutral impurity density ofN,=(4.1-5.4)x10®%cm
model is thus fully determined by three fitting parameters:[REf- 31. ) _ )
AT T;T’ and a proportionality constant. The velocity that the photocarriers acquire due to the

* "The results of the fits are given in Table I. The lifetimes @Pplied bias field in our experiments does not exceed the
are also plotted in Fig. 2, along with the data obtained by afhermal velocity. Therefore, the scattering cross section
optical pump—THz probe experiment which provides acces¥hich follows the 1% law for elastic scattering is not
to the same parameters under similar experimental condinflueénced by the bias voltage. This again agrees with the
tions. Our values of the electron mobility have the Same_observatlon that the temporql shape of the THz transient is
order of magnitude as those reported in Refs. 19 and 29. Fépdependent of the applied bias voltage.
the samples grown at 225 and 250 °C the mobilities agree !N our experiment the excitation wavelength s
within the error margins. The slightly higher mobility of the =800nm: The photoexcited carriers acquire an excess en-
sample grown at 200 °C is not considered to be significant. 1ET9Y of 130 meV. In case of low photoexcitation densities the

is attributed to a lower precision in the determinationsgf ~ rapping times are also independent of the excitation wave-
for the samples with faster dynamics. length as has been demonstrated recéfitly.

The time constantsg and TE are the principal results The free-electron lifetimes we obtained agree very well

of the time-domain terahertz emission spectroscopy'ith the values reported in Ref. 19 for samples grown at

(TDTES) measurements. Next, we will briefly discuss thesllghtly higher temperatu_res. Thg whole set of lifetimes can

physical meaning associated with these time constants. ~ Pe fitted by an exponential function

~ The lifetime 75| corresponds to the electron trapping 7T =10 eXp T4/ To) (10)

time as long as the number of photoexcited carriers is sig- _

nificantly lower than the number of traps. This condition isWith To=66°C, and 7,~20fs. We can write the free-

very well fulfilled in our experiment. The number of traps is electron lifetime &%

det_ermined by the excess arsenic incorporated in the material TIET: 1/(Nv,o) =1 7NRsv,), (11)

during MBE growth. For LT GaAs samples grown at tem-

peratures between 200 and 250 °C the concentration of exvhereN is the defect densityR is the average defect radius,
o is the capture cross sectiondescribes the ability of the
defect to capture an electron, andis the electron velocity

N — " e fit O which is in our case practically equal to the thermal velocity.
- OXp(:inen il ] Within the unified As cluster mod&the amount of the el-
ur data emental arsenic is given by the sample growth temperature
b O Datafrom Ref. 19 and remains constant during subsequent annealing. This can
2 be expressed by
- 0
v NgR3=NaR3, (12
1} :
e where the indexg stands for an as-grown sample aAd
- i m stands for an annealed sample. Putting together @djsand
0 . """ , ) . . (12), and assuming, as shown in Ref. 9, that:
200 250 300 350 _
7. (C) Ng=Ng, exp(—Tgq /Tgo), (133
FIG. 2. Free-electron lifetimes in LT GaAs. Na= NAo exp( _TA/TAO) (13b
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