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A comparative study of optically detected cyclotron resonance in the microwave and far-infrared fre-

quency range in epitaxial InP and GaAs is presented. The electron cyclotron resonances and the

inter-impurity ls-to-2p transitions are observed in both high-mobility layers. Cyclotron-resonance-
induced impact ionization of shallow donors and bound excitons is the basic mechanism for the obser-
vation by photoluminescence.

As one variety of optically detected magnetic reso-

nance, optically detected cyclotron resonance (ODCR)
using microwaves has become a powerful analytical tech-
nique in recent years. ' In addition to determining band
masses of electrons and of light and heavy holes in one ex-

periment, ODCR provides the ability to determine
scattering times and. thus, the mechanism of scattering
processes at low temperatures in ternary and quaternary
alloys. In a recent experiment using 9-GHz microwaves

Wang, Monemar, and Ahlstrom~ studied the influence of
microwave modulation on the photoluminescence (PL)
properties of epitaxial GaAs. They concluded that impact
ionization gives rise to selective quenching and enhance-
ment of the different radiative contributions in PL allow-

ing for the detection of cyclotron resonance (CR). To ob-

serve the ODCR signal, &or must be greater than 1, where

co is the frequency and r the scattering time. This condi-
tion is usually not fulfilled in the microwave region below

30 GHz. By extending the experiments to far-infrared ra-
diation (FIR) instead of microwaves, the resolution of
ODCR can be greatly enhanced (i.e., tor scaled by a fac-
tor of about 200). Quite recently, Wright et al. observed

ODCR in GaAs using the FIR technique, but stated that
the detection mechanism is far from clear. One motiva-

tion for this investigation is, therefore, to gain further in-

sight into the detection mechanism by studying ODCR on

epitaxial GaAs and InP in the microwave and FIR range.
In this paper we report the observation of optically

detected electron cyclotron resonance and interimpurity
cyclotron absorption (Is-2p ) in high-mobility InP using
far-infrared detection. By a comparison with experiments
performed at microwave frequencies we conclude that
cyclotron-resonance impact ionization of shallow donors
and bound excitons is the basic mechanism to generate the
ODCR signals. Our experiments are in close agreement
with impact-ionization studies using dc electrical fields. '

PL spectrally dispersed by a SPEX single monochroma-
tor was detected by a North Coast Ge detector when the
sample was excited with the 526-nm line of a Kr+ ion

laser (100 mW, T =1.7 K). For the ODCR experiments
a sample was placed in the center of a cylindrical open-
microwave resonator (TED' i mode) working at 12 GHz
with maximum microwave power of 500 mW. Usually
the power was reduced below 30 mW and amplitude
modulated by a p-i-n modulator at 1 kHz to avoid
bolometric effects. The resonator was placed in the center
of a superconducting split coil magnet generating fields up
to 7 T. To observe the microwave-induced changes in the
PL (induced by the microwave's electrical field), the reso-
nator could be detuned to allow the electric field to have
maximum influence.

For the ODCR-FIR experiments, the detection system
is mainly the same with slightly less resolution for the PL,
but the sample here is placed in the center of a solenoid
magnet (0-12 T) and the exciting and emitted light is
guided in a single optical fiber to the sample. The epilayer
is excited with a He-Ne laser (3 mW) in Faraday
configuration. The FIR light (118.8 pm) with a max-
imum power of 35 mW (cw) is obtained from a CO2 (20
W) pumped Edinburgh Instruments FIR laser, which ir-
radiates the sample through the semi-insulating (si) sub-
strate. The FIR laser is amplitude modulated by a
mechanical chopper. The samples we used in the study
were MBE grown GaAs on si GaAs substrate with a net
carrier concentration in the middle of the 10' cm
range and a Hall mobility at 77 K of 91000 cm /Vs and a
metal-organic vapor-phase epitaxy (MOVPE)-grown ep-
itaxial InP on a si InP:Fe substrate with a carrier concen-
tration of 3 x 10' cm and a mobility of 100000
cm /V s (77 K).

We first discuss the PL and the microwave-induced
change in PL in InP [in accordance with previous
research called optically detected impact ionization
(ODII)]. The PL spectrum shown in Fig. 1(a) is dom-
inated by the impurity bound exciton spectrum close to
the band gap of InP (Fs =1.4237 at 4.2 K) and an impur-

ity related band at 1.4 eV. One of the major advantages
of the ODII technique is its ability to obtain enhanced
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FIG. I. (a) Photoluminescence spectrum of epitaxial InP.
Optically detected impact-ionization spectra under (b) mi-

crowave irradiation and (c) under resonant (B=7.25 T) far-
infrared irradiation (I IS.S pm).

FIG. 2. Optically detected interimpurity resonance (Is to
2p+) (low-field lines) and the electron cyclotron resonances in

(a) InP and (b) GaAs, I IS.S pm. (c) The electron cyclotron

resonance observed with 12 6Hz. In all cases, donor bound ex-

citon transitions were monitored.

resolution due to the derivativelike spectral shapes as
demonstrated in Fig. 1(b). In the ODII spectrum (12
GHz, B =0 T, T = 1.7 K) we observe a positive increase at
the highest energy followed by a steep decrease. We attri-
bute this to microwave-induced impact ionization, i.e.,
free carriers accelerated by the electrical-field impact on
donor bound excitons and neutral donors. The excitons
and electrons split oA', resulting in a quenching of the
bound exciton transition and in an enhancement of the
free exciton decay. Notable are two further transitions at
1.398 and 1.376 eV. The quenching at 1.398 eV is con-
sistent with a donor-acceptor (D A ) transition. Its posi-
tion and behavior is in excellent agreement with impact-
ionization studies using dc electric fields. " Enhancement
and quenching at 1.375 and 1.37 eV are explainable with
free-electron-to-acceptor (e A ) and D A transitions
involving C or Zn as the acceptor impurity. Again by im-

pact ionization electrons are liberated from the neutral
donors and an increase in the intensity of the free-to-
bound transition occurs. The absence of a e A transition
at 1.398 eV (an acceptor of unknown origin"), as observed
in the ODII spectrum, was already observed in Ref. 8. A
direct correlation with the dc electric-field measurements
using microwaves and FIR radiation (see below) is thus
established.

The FIR induced CR monitored at the position of the
bound exciton recombination is shown in Fig. 2(a). The
output power of 10 rnW was modulated at 120 Hz, and
the magnetic field was swept (T =6 K). At 7.23 T we ob-
serve the electron cyclotron resonance as a 3% change in
the PL intensity, with a half width of 55 mT and an mr
value of 162 for a scattering time of 10.2 ps. The electron
mass was evaluated as m =0.080mo, in good agreement
with the value known in the literature. ' The deduced
mobility was 220000 cm /Vs, and the enhancement by a
factor of 2 compared to the Hall mobility at 77 K was ex-

pected because of the photoneutralization mechanism. '

At the field position of 3.7 T one observes with nearly
equal amplitude as the cyclotron-resonance signal, the in-

terimpurity transition of the residual donor, the Is-to-2p+
transition. ' ' The FIR-CR-induced changes of the PL in-

tensity, as observed at the CR magnetic-field position, are
shown in Fig. 1(c), and reproduce the details already seen
in the microwave experiments (the lines are slightly
broader due to the limited resolution of the single mono-
chromator). The absence of the e A and D A transi-
tions at 1.37 eV can be caused by the lower excitation
density (3 mW compared to 100 mW) and the diA'erence

in temperatures (6 K compared to 1.7 K) in the FIR ex-
periment.

The situation in GaAs is demonstrated in Fig. 3. The
PL spectrum shows the impurity bound exciton and D-A
bands (probably involving Zn). The chopped microwaves
induce quenching up to 50% in the respective PL transi-
tions [see Fig. 3(b)l. The same elfect (with 10% changes)
is seen by the FIR-CR technique [Fig. 3(c)]. Again the
electron cyclotron resonance at 6.2 T and the Is-to-2p+
transition at 3.7 T are observed, and the mobility calculat-
ed from mr =160 is also higher by a factor of 2 compared
to the Hall mobility at 77 K. When comparing with
Wright et al. , we note that polaron shifted transitions, as
well as the spin splitting observed in their work, are ab-
sent. The reason for their absence is unclear at the mo-
ment. Using the mr value deduced from the FIR experi-
ment (k =118.8pm) it is clear that ror at 12 GHz should
be approximately 0.8, well below l. This value results in a
broad resonance (see the inset in Fig. 2) centered at 0.035
T. The analysis of the line shape within the framework of
the given theoretical explanation' taking the electron
mass as a fixed parameter results in the same mr value of
0.8 as expected from the frequency scaling. This clearly
demonstrates the possibility of using ODCR experiments
in the microwave frequency range to measure mobilities
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FIG. 3. (a) Photoluminescence spectrum of epitaxial GaAs.
Optically detected impact-ionization spectra under (b) mi-

crowave irradiation and (c) resonant (B=6.2 T) far-infrared ir-

radiation (118.8 pm).

and scattering times in ternary and quaternary alloys, e.g. ,
Ga-In-As and Ga-In-As-P and obtain more information
about the dominating scattering mechanism (ionized im-

purity versus alloy scattering) at low temperatures. The
electron masses in the alloys are often known very precise-

)3

From a comparison of the FIR and microwave-induced
cyclotron-resonance changes in the PL (impact ioniza-
tion) it is clear that the mechanism for both is the same.
When using 118.8-pm irradiation, we observe no non-

resonant contribution when the magnetic field is outside
resonance. We therefore conclude that the generic mech-

anism behind optically detected impact ionization is not

acceleration of hot carriers by the electrical field, as might
be concluded from the investigations using microwaves. It
is the resonant excitation which give the carriers energy to
impact ionize the bound excitons and neutral donors. The
situation in the microwave range is sometimes misleading.
We note from Fig. 2(c) that the broadened cyclotron reso-
nance is not zero at zero magnetic field, but goes to zero at
magnetic fields above 0.7 T. For the field above 0.7 T, no
nonresonant contributions occur. The mechanism for ob-
serving impact ionization at zero field stems from the ex-
perimental conditions of mr & 1 in the microwave fre-
quency range of 12-30 GHz. So at zero magnetic field we
still are under quasiresonance conditions. Nonresonant
contributions in the PL spectrum, not due to CR-induced
impact ionization and at magnetic fields far above the res-
onance line can originate either from power-broadened
cyclotron resonances, clearly demonstrated in Refs. 4 and
6, or heating effects as are seen by thermally modulated
P L spectroscopy. '

The ODCR method using a FIR laser has also been ap-
plied with success in the studies of undoped Ga) —,--

In„As/InP single quantum wells as a function of the
quantum-well thickness and will be reported elsewhere. '

In conclusion, we demonstrate the mechanism of
ODCR using 12-GHz microwaves and FIR 118.8 pm ra-
diation. It is based on the same mechanism, namely, the
cyclotron-resonance-induced impact ionization of shallow
donors and impurity bound excitons, feeding the respec-
tive free exciton and band acceptor transitions. By the
FIR-CR technique we have been able to detect the 1s-to-
2p+ interimpurity transition in InP and GaAs with high
sensitivity and resolution. A close agreement with dc
electric-field impact-ionization studies in InP and GaAs is
found.

This work was supported by the Deutsche Forschungs-
gemeinschaft under Contract No. Me 898/5-1, the Swed-
ish Natural Science Research Council, and the Swedish
Research Council for Engineering Sciences.

R. Romestain and C. Weisbuch, Phys. Rev. Lett. 45, 2067
(1980).

~l. J. Booth and C. F. Schwerdtfeger, Solid State Commun. 55,
817 (1985).

-B. C. Canvenett and E. J. Pakulis, Phys. Rev. B 32, 8449
(1985).

4E. J. Pakulis and G. A. Northrop, Appl. Phys. Lett. 50, 1672
(1987).

- J. Schmidt and I. Solomon, J. Appl. Phys. 37, 3719 (1966).
6F. P. Wang, B. Monemar, and M. Ahlstrom, Phys. Rev. B 39,

11 195 (1989).
M. G. Wright, N. Ahmed, A. Koohnian, K. Mitchell, G. R.

Johnson, B. C. Cavenett, C. R. Pidgeon, C. R. Stanley, and A.
H. Lean, Semicond. Sci. Technol. 5, 438 (1990).

"B. J. Skromme and G. E. Stillmann, Phys. Rev. B 28, 4602

(1983).
9W. Bludau and E. Wagner, Phys. Rev. B I3, 5410 (1976).
'0Ãumerical Data and Functional RelatIonships, edited by O.

Madelung, Landolt-Bornstein (Springer-Verlag, Berlin,

1982), New Series, Group III, Vol. 17, Pt. A.
''J. M. Chamberlain, H. B. Ergun, K. A. Gehring, and R. A.

Stradling, Solid State Commun. 9, 1563 (1972).
''-B. Lux and 3. G. Mavroides, Solid State Phys. tl, 261 (1960).
'3See, e.g. , GalnAsP Alloy Semiconductors, edited by T. P.

Pearsall (Wiley, New York, 1982).
'4M. Gal, Z. Y. Xu, F. Green, and B. F. Usher, Phys. Rev. B 43,

1546 (1991).
'-A. Moll, C. Wetzel, B. K. Meyer, Al. L. Efros, P. Sobkowicz,

and P. Omling (unpublished).


