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Feasibility of optically detected cyclotron resonance to study electron mobility in ultrapure GaAs
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While the optically detected cyclotron resonaff@DCR) technique is a widely applied technique for the
study of semiconductors, the effect of cyclotron resonai@®) on the carrier capture and recombination
processes is not well understood. We report on a comparative study of microwave CR and ODCR in photo-
excited ultrapure GaAs at low temperatures. We found that the ODCR spectrum is broader and thus gives
lower electron mobility than the CR spectrum under the same experimental conditions. To explain the discrep-
ancy, a rate-equation model is developed for the dependence of the exciton density on the microwave power
(free-electron temperatyrander the CR conditions. A good agreement between the experimental data and the
model calculations was obtained by assuming the exciton formation rate dependence on the hot-electron
temperature.

[. INTRODUCTION PL modulation®” (i) carrier trapping rate dependence on the
carrier temperaturejji) impact ionization of bound-carriers
The optically detected cyclotron resonaf@DCR) tech- by hot free carriers, andii) thermal coupling, where the
nique is a widely applied extension of the conventional cy-accelerated free carriers release their energy to the lattice
clotron resonancéCR) technique for study of semiconduc- which affects the PL. Which of the above ODCR mecha-
tors. In ODCR, the photoluminescena®L) amplitude nisms is dominant depends strongly on the nature of the PL
change by applied microwavenw) or far-infrared (FIR)  transition monitored and on the experimental conditibns.
power is monitored as a function of the frequency orFor example, the threshold dependence of the PL signal on
magnetic-field strength. In conventional CR experiments, thehe mw power applied was observed in the case of
direct mw or FIR absorption of the whole sample is mea-modulation-doped GaAs/AlGaAs heterostructures, and it
sured, and therefore it can be difficult to distinguish betweermwas interpreted in terms of the impact ionization
the contribution from different structures presented in onemechanisnf! Similarly, mw and FIR ODCR was studied in
sample. Thus, to study layered structures, it can be advantapitaxial InP and GaAs, and the effect of donor-bound exci-
geous to use ODCR where the effect of the applied mw oton PL quenching was attributed to the bound-exciton impact
FIR radiation on specific PL bands is measured. In soméonization by hot electrons generated at CR conditfoffdn
cases, ODCR gives even longer momentum relaxation timesontrast, in doped GaAs/fGa _,As quantum wells, the
than those obtained CR in the dark, due to the photoneutrathreshold mw field indicative of the impact ionization
ization of ionized impurities by photoexcited free carritts.  mechanism was not observed, and it was concluded that the
In addition, the mw or FIR absorption of carriers under CRunderlying physical mechanism of mw-modulated PL is a
conditions can lead to a selective triggering or quenching othermal heating of the lattickhe mw-modulated PL spectral
different recombination processes, thus giving an enhanceshape is the temperature derivative of the PL spegtrim
optical resolution compared to photoluminescence measurghotoexcited undoped GaAs/{8a _,As quantum well&
ments. The ODCR technique was successfully applied tand bulk GaAs and CdT#,the excitonic PL quenching by
study the band parametefsffective mass and mobilityin ~ the intense FIR radiation was attributed to carrier heating
bulk semiconductofs and semiconductor nanostructufe®,  without significantly heating the lattice. Smooth reduction of
as well as to study recombination mechani$h! and the free-exciton luminescence was observed in pure GaAs
quantum oscillation§1012.13 (with impurity concentrationN,~6x 10'3cm™3) under an
In most cases, the ODCR is studied at FIR frequencies impplied mw field, and it was attributed to the reduction of the
the quantum limit, where a high magnetic field is used inexciton formation rate, while the impact ionization of free
order to study bulk and nanostructured semiconductors, us@xcitons is feasible at high mw and excitation powrs.
ally with relatively low mobility*1?14-1®|n contrast, a CR/ The expression for the m@FIR) power absorptiorisee
ODCR study at microwave frequencies requires low magEq. (4) below] is frequently used to describe the ODCR line
netic fields @<1 T).>1"18This experimental condition is shape in order to estimate the carrier effective mass and its
termed “classical” CR/ODCR, as the carrier transport canmobility.>*"?* However, the ODCR measurements provide
be described by a classical equation of maotion. It has a numanly indirect information on the transport properties of pho-
ber of distinctions from the FIR CR/ODCR casgesually  togenerated charged carriers since the exciton photolumines-
requiring 1<B<20T), where the carrier Landau quantiza- cence modulation is monitored in the ODCR and not the
tion is important, and the scattering processes are affected ldirect mw (FIR) power absorption. Discrepancies between
the magnetic-field strengfii:?° the CR and ODCR line shapes were observed in several
Several mechanisms are usually considered to explain thexperiment<:?22>%Wwhile the discrepancy between the mo-
effect of the free-carrier heating by mi(#IR) power on the bilities extracted from the ODCR and from the magne-
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totransport and Shubnikov—de Haas measurements on
GaAs/ALGa _,As quantum wells was explained by differ- X)
ences in the experimental conditiofcarrier scattering may
depend on the optical and m{¥IR) intensities,” our previ- D" T=2K
ous study of photoexcited mw CR/ODCR experiments in . (D.X) L
undoped bulk GaAs and GaAs/AlGaAs quantum wells show E=1.53eV
unambiguously that the carrier mobilities extracted from the (Do X) 1 =1 mWiem?
simultaneously taken CR and ODCR linewidths are t
different?>2¢

In this paper, we report on a study of the effect of carrier
heating in the mw field on the recombination processes in
ultrapure GaAs at low temperatures by using photoinduced
mw CR and ODCR spectroscopy. We found that the exci-
tonic photoluminescence spectra weaken gradually under ap-
plied mw irradiation, and this PL quenching is most efficient
at the CR conditions. The ODCR spectrum monitored at the
free exciton luminescence band is broader than the CR spec- o
trum under the same experimental conditions. In order to (A'X)
gain a better understanding of the optical and transport prop-
erties, a model based on the main dissociation and
generation-recombination processes governing electron and
exciton dynamics is developed, and it explains well the ob-
served results in terms of the exciton formation rate depen-

T T T T T T T
dence on carrier temperature. 1512 1514 1516 1518 1.520
This paper is laid out as follows: In Sec. Il, the experi-
mental setup, the samples used and the experimental results Photon energy (eV)
are presented. In Sec. Il we present the rate equation model
for the photoexcited exciton and unbound electron densitiesga
and analyze the experimental and model data.
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FIG. 1. The low-temperature photoluminescence spectri@)of
mpleA and (b) sampleB. (c) For comparison, the PL excitation
spectrum of sampl®, monitored at 1 LO-phonon sidebat@SB
of free exciton band is also shown.
Il. EXPERIMENTAL PROCEDURE AND RESULTS L .. .
the no-phonon excitonic transitions. For comparison, the PL

Ultrapure 10pxm GaAs layers were grown by vapor phase excitation spectrum of samp® monitored at 1 LO-phonon
epitaxy (sampleA) and molecular-beam epitaXgampleB). sidebandPSB of the free exciton band is also shown in Fig.
From our previous studf, we estimated the electron mobil- 1. As was expected, there is no Stokes shift between the
ity to be ~2x 10 cn?/V s in the purest samplé (with re-  excitation and recombination spectra of the free exciton.
sidual impurity concentratiol,~1.5x 103cn®) and ~0.9 Under applied mw irradiation, we observed a strong
x1Pcm?/Vs in sample B(N,~3x10%cm ™3 at T,  quenching of the excitonic bands. Figure 2 shows the devel-
=2.2 K. The samples were placed at the antinode of the mwpment of the excitonic and 1 LO-PSB PL signals of sample
electric field in an 8-mm waveguide mounted in anA for three values of incident mw power. While the free
immersion-type dewar. A stabilized, 35.6-GHz Gunn diodeexciton PL band undergoes about a fourfold decrease at
was used as the mw source. The incident mw poRigy, Pmw=25mW, its linewidth remains essentially the same. In
was continuously varied by an electrically controlled attenu-contrast, we observed a significant broadening of the 1 LO-
ator so that the power incident on the sample was in théSB band a$,,, increases. By fitting the 1 LO-PSB line
range ofP,,,=10 *—50mW. The mw radiation measured shape with the expressiorE (- El)exp[—(E—El)/kBTe,},27
by the diode detector was modulated by the photoexcitatiowhereE;=E;—Eq,—fiw o and T, is the exciton tempera-
of the sample and the modulation signal was proportional taure, we calculated that the exciton temperature increased to
the photoinduced mw absorptiéRMA) by the photoexcited 5.6 K at P,,,=25mW. Note that even &®,,,=0, the ex-
free electrons. For cyclotron resonance measurements, an axacted T.,=3.6 K is above the bath temperaturel (
ternal dc magnetic field was applied parallel to thE01] =2.2K) because of the effective exciton-hot electron inter-
direction and was swept over the range 0—(tfile mw elec-  actions at above-band-gap excitatf8rhe exciton tempera-
tric field was polarized perpendicularly 8). The sample ture increase does not show itself as a free exciton PL broad-
was illuminated by laser lightfrom a He-Ne or a tunable ening because the radiative recombination of free excitons
dye lasey through a pinhole in the waveguide. The photolu- occurs only from luminescent states near the bottleneck re-
minescencgPL) signal was measured simultaneously with gion where excitonlike polaritons convert into photonlike
the PMA signal. polaritons®

Figure 1 presents the PL spectiathe exciton regionof We compared the electron ClRMA dependence oB)
samplesA andB at P,,,,,=0. The PL spectra consist of free and ODCR(PL dependence oB) traces of both samples at
exciton(exciton polariton (X) and excitons bound to neutral T =2 K (for the sameP,, and |, for each sample as
donor 0O°,X), ionized donor P*,X), and neutral acceptor shown in Fig. 3. The ODCR trace was monitored at the free
(A%X). The free exciton band is the dominant band amongexciton band. The level of mw irradiation was kept to be
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FIG. 3. (a) Experimentally observed normalized QRlashed

FIG. 2. The exciton PL and (1 LQ)PSB spectra of sampk lines) and ODCR(solid lineg traces for both samples. The CR data
for three values of incident mw power & =2.2K and I were observed by direct monitoring the PMA signal, while the
=10mW/cnt. The exciton temperatureB,, extracted from the ODCR data were observed monitoring the free exciton PL bémnd.
(1 LO)y PSB line shapes, are indicated near the fitting cutires Calculated CR spectijgiven by P(B)] and ODCR spectrgiven
solid lineg. The inset shows the free exciton PL quenchiaglid by |n2J(B)] for two impurity concentrations al =2 K and G
squares as a function of the incident mw power. The calculated = 10'° photons/cris using model parameters of Table I.
n(Pm) dependencies are shown fgt,=10°cn®s™* (solid
line) and Bo=3x10"*cm’s™* (dotted ling, and theT¢(Py,,) de-  where «(E) is the absorption coefficient. Excitons are
pendenoce is shown by dashed line, ushg=1.5x10*cm™ and  formed at a rate ofyn2, wherey is the bimolecular exciton
G=10"photons/crs. formation coefficienta= yN exp(-Ee,/kgT,) is the exciton

o ) thermal dissociation coefficient, whekeis the effective re-
extremely Iow(severaIuW) to eliminate nonlinear electron y,ced density of states. The tefnn,, describes the impact
heating processes in CR spectra. One can see that for bahhization rate of excitons by hot electrons, whetés the
samples, the ODCR spectrum is broader than the CR spegppact jonization coefficient. The electron and exciton total

trum. recombination rates are given by the temis; andng,/7,,
where 7, and 7, are their respective recombination times.
. MODEL AND ANALYSIS The model parameters used in the calculations are summa-

To analyze the experimental results, we use a rate equ:gli-Zed in the Table I. .
' The steady-state solution of Eqg&l), (dn/dt=dng,/dt

tion model for the time evolution of the electrom and free - . i )
: L : : . =0), gives the following expressions for the exciton
exciton (ne,) densities. This model includes the main density®2

generation-recombination and dissociation processes govern-
ing electron and free exciton dynami@s® (for simplicity,

the bound-exciton related transitions are implicitly included 0__ oo 72C1 \/ 4GT1Cy(1+ Tza)il 2
into the free exciton recombination time Nex= 72575 ¢, c? ’
dn ) n Whereclsz(a_ﬂTle)+l andC2:7T1+B7'2.
qi G— yn“+ang+ BNng— ot (1a We assume that the main effect of the electron heating on

! the exciton density is due te¢ and 8 dependences on the

hot-electron temperature. Under electron heating, there are

variations in the free-electron energy-distribution function,

and the mean value of the electron eneEyyincreases with

the electric-field strength. Assuming that the hot electrons
HereG(E)=a(E)I (E)/E is the free-electron generation have a Maxwellian distribution function with an effective

rate at the above-band-gap photoexcitatiaith energyE), electron temperaturé.=2E./3kg, B8 may be approximated

dngy n
_ 2 ex
= YN“—aNg,— BNNgy— —
dt Y ex ex™

(1b)
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TABLE |. Parameter values used in the model calculations.

Parameter This work From references
Electron recombination time; (s) 1x10°7 1x10°7 (Ref. 22
~2x107% (Ref. 32
Exciton recombination time, (s) 5x10°° (4-5)x10° (Refs. 33 and 3¢
Exciton impact ionization coefficieng, (cm®s 1) 10°° ~1075 (Ref. 35
2X10* (Ref. 22
Exciton formation coefficientyy(cn®s ™Y 10°° ~5x10 ° (Ref. 36
~10* (Ref. 22
107 7-10"5 (Ref. 37
Exciton binding energy., (meV) 4.1 4.1(Ref. 38
kT, |32 2.7x 10732 usingm,=0.067m,
N:(z— (cm™®) my=0.2m,
ho(me+m,)

by B=Boexp(—Ees/ksTe), Where By=ma3v,, ag is the  of >103cm 2 is limited by neutral-impurity scattering with
exciton Bohr radius and, is the electron velocity® In con- 7 '=cN?®, where ¢ is a constant [c=(4-8)
trast toB, y decreases with the carrier temperattfi®*'In ~ x 107 4cms™! from Ref. 25. Since the electron-energy-
our model, we adopt th¢~T;3’2 dependence from Ref. 22 relaxation rate is much larger than the rate of electron-

and write it in the formy= yo(T, /Te) %> density variation, we can approximate the electron tempera-
The electron temperature dependence on the electric-fieldire by the value obtained from the steady-state solution
strengthe can be found from the balance equaffon dTe/dt=0:
e 2 b py- el 3 SRS PR A 5
a3k @B T G =Tt ral ®

where 7, is the energy relaxation time arfl(w,B) is the  whereK=2bP(w,B)/3m* with 7=(cN;) 1.

electric-field power absorbed per electron. In the case of lin- Figure 4 shows the calculatdd dependence on the mag-
early polarized microwave radiation with frequeney the netic field for severaP,,, values afT, =2.2 K (the incident
microwave power absorption per electron due to its rotatiormw powerP,,, is related to the mw field strengthby the

in the magnetic field is given in the classical case ¥y standard expression for rectangular wavegtfideOne can
see that the resonance increaseTgfstrengthens a®,,,
e2r ) 1+ (w?+ wg)TZ increases. Note that &=0, T, also increases with the,,,
P(w,B)=—|e(w)] 2 2\ 212 7. (4) increase, but this increase is much weaker than that at the CR
m [1+t (0w —wi) ] t4wiT condition

Here w.=eB/m* is the cyclotron frequencyn* and 7
are the effective mass and momentum relaxation t{ate
microwave frequencigsof the charge carrier, respectively.
The P(w,B) dependence given by E¢) is usually used to
fit the experimentally observed CR traces in order to extract
the carrier effective mass and its momentum relaxation
time3 According to this expression, in order to observe a
resonancelike CR trace,7=1. Consequently, only samples
with a very high carrier mobility can satisfy the mw CR
conditionw,m=1 at low magnetic fields.

To solve Eq.(3) for T, the rand 7, dependencies o,
should be considered. At,<50K, the electron-energy re-
laxation is due to the electron-acoustic phonon and electron-
ionized impurity scatterind® In pure GaAs, the electron-
phonon interaction is dominant and is primarily via the
piezoelectric potential. In this caser, ‘= ,.'(2m*s?

45

kgTL),* wherer,is the electron momentum relaxation time 20 .

due to the electron-acoustic phonon interaction via the piezo- ' © 007 008 009 010

electric  potential and s is a sound velocity B(Tesla)

(s=4.73x10° cm/s in GaA$. From our previous studs,

T;;el:5>< 10°T /T3?, and, thus 7,=bTg? where b FIG. 4. The calculated electron temperature dependence on the

~10 °K 25, The low-temperature electron mobility in applied magnetic-field strength for four applied mw powers, using
undoped GaAs crystals with residual impurity concentrationT, =2 K, N;=3x10"cm 2 and model parameters of Table .
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FIG. 6. The calculated CR specfmgiven byP(B)] and ODCR
spectrg given by|nd/(B)] for N;=1.2x10*cm™3, T =2K, and
G=10"photons/crs (using model parameters of Table Both

Substituting theT (B, P,,,) dependence of Eq5) into resonances show essentially the same linewidth.
the expressions foB and y in Eq. (2), we obtain a direct .
dependence ofi%, on the appliedP,,, and B. The relative ~at€ to describe the CR trace t_hqn th_e bRrdependence of
importance of the exciton impact ionization and exciton for-Eg- (4). However, we do not distinguish between fhend
mation processes in the exciton density modulation undef P dependencies, since their line shapes are, in essence, the
applied mw and magnetic fields can be understood from afame at the same set of model paramelt@iserefore theng,
analysis of Eq.(2). Using parameters of Table | an@ and P dependencies on the magnetic-field strength simulate
~10?°photons/crs, we obtainr;7,G<1 atT,<20K in  the expected ODCR and CR spectra, respectively. One can
the expression fo€, . Thus the consequenti@and y con-  see from Fig. &) that the|n2/(B) resonance linewidth is
tributions are included only in the expression 65 and larger than that of thé(B) resonance. The calculated dif-
therefore are weighted agr,+ 87,. From Fig. 5, which ferences between tha2,/(B) andP(B) linewidths are simi-
shows the calculategt; and 87, dependencies on the inci- lar to the experimentally observed differences between the
dent mw power, one can see that;> g7, at low P,,, ~ ODCR and CR line shapé&ig. 3a)].

(Pmw<20 mW, T,<12K) for reasonable/, and B, values. The calculatech?, dependence on the applied magnetic
Using y,=10 °cm’s™!, we obtain a good agreement be- field is very sensitive to the residual impurity concentration.
tween the experimentally observed PL quenching at the apgndeed, thd ngx| resonance linewidth is much larger fiSg
plied mw irradiation and the model calculatigng, (Pm,)],  =3%x103cm2 than forN, = 1.5x 10"3cm 3 [see Fig. &)].

as shown by the solid line in the inset of Fig. 2. The effect oflt is important to note here that the relative difference be-
the exciton impact ionization is important only at high pho-tween|n2(B) andP(B) linewidths reduces a¥, increases.
toexcitation and mw powers. Indeed, the small onset of theigure 6 shows th¢|12X|(B) andP(B) dependencies faN,
exciton impact ionization was observed only at essential=1 2x 10"*cm~3[the rest of the parameters used is the same
electron heating Te>10K) and exceedingly strong impact as in Fig. 3b)]. One can see that the resonance linewidths
ionization rate B,=3x10'cn’s™"), as shown by dotted are essentially the same. This tendency excuses in some ex-
line in the inset of Fig. 2, in agreement with previous GaAstent the use of the ODCR technique at mw and FIR frequen-
study? Thus the exciton formation dependence on the hotcies to study semiconductors with relatively low mobility. It
electron temperature is a dominant mechanism of the Plshould be noted, however, that the applicability of our model
modulation at relatively weak mw irradiation. to FIR CR and ODCR should be considered with caution

The magnetic-field dependencerd, exhibits a resonan- because high magnetic fields affect carrier mobility and thus
celike quenching at the CR conditions. Figufe)3hows the the distribution function of hot carriefé.
absolute modulation of the, value (calculated using the In conclusion, we conducted a comparative study of mi-
model parameters of Tablg shown by the solid line for crowave CR and ODCR spectra in photoexcited undoped
N,=1.5x10%cm 2 and 3<10cm 2 atP,,,=10uW. For ~ GaAs at low temperatures. We found that the ODCR spec-
comparison, the corresponding magnetic-field dependencidgum is broader than the CR spectrum under the same experi-
of P [given by Eq.(4)] are also shown in Fig.(B) by dashed mental conditions, and thus it does not provide a reliable
lines.[Note that since the PMA signal isn°P, wheren®is  estimate of the carrier mobility. This unreliability is due to
the steady-state solution of E€l) for the electron density, the basic difference between the CR and ODCR methods:
the n®P dependence on the magnetic field is more appropriwhile the CR signal is a direct measure of the electric-field
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