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Abstract. We have measured optically detected cyclotron resonance using far- 
infrared radiation on an exceptionally pure sample of GaAs in fields up to 15.5 T. 
This relatively new experimental technique is shown to offer high resolution of free 
and donor impurity-bound electron transitions without the reproducibility problems 
of photoconductivity. The data confirm the existence of metastable donor states 
and provide a detailed picture of chemical shifts. The optically detected cyclotron 
resonance signal represents an interaction between the donor bound electron 
states which are influenced by the far-infrared radiation and the donor bound 
exciton states which are responsible for the photoluminescence. Attenuation of 
the luminescence intensity under far-infrared illumination is primarily the result of a 
photothermal effect. At high fields, there is indication of an interaction between the 
electron and excitonic energy levels. 

1. Introduction 

Far-infrared (FIR) magnetospectroscopy employing 
transmission and absorption measurements has been ex- 
tensively used to study band structure and shallow donor 
states in semiconductors. The change in electrical con- 
ductivity with FIR illumination has also been employed 
to detect transitions between the shallow donor levels. In 
these photoconductivity experiments, an increase in elec- 
trical conductivity occurs when the FIR excites a bound 
donor electron to a higher state, thereby increasing its 
probability of being promoted into the conduction band. 

Optically detected cyclotron resonance (ODCR) 
differs from other forms of magnetospectroscopy in 
that the intensity of luminescence excited by a visible 
laser is monitored rather than the direct absorption 
of far-infrared (FIR) radiation. ODCR is a potentially 
valuable tool i n  the study of semiconductor materials 
for several reasons. Firstly, experiments on undoped 
samples are possible because the optical pumping of the 
visible laser provides the necessary camers. Secondly, 
photomultiplier tubes used to detect luminescence offer 
far more sensitivity than their counterpart microwave or 
FIR detectors, and finally, the possibility now exists for 
a simultaneous study of electrons nnd holes. 

The feasibility of ODCR at microwave frequencies 
was first demonstrated by Romestain and Weisbuch, 
who used the method for determining band masses 
in CdTe and GaAs [l]. Extension of the resonant 
frequencies to the far-infrared has been shown to 
provide an enhancement in the resolution and sensitivity 
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of the technique [2-4]. Recently we have used 
ODCR to determine the conduction band effective mass 
and quantify offset effects in undoped GaAdAlGaAs 
quantum well structures [5] and to study superlattice 
orbits and impurity states in InGaAdGaAs [6]. 

In this paper, a high purity sample of n-type GaAs 
is studied using FIR-induced ODCR. Extremely good 
resolution of the system enabled observation of the 
cyclotron resonance, with a spin-split peak discernible 
above 4.3 T, and a complete range of bound and 
metastable impurity transitions. Chemical shifts due 
to the presence of different donor species are clearly 
resolved. Comment is offered on an anomaly in 
the ODCR signal at high fields. A critical factor in 
the experimental success of ODCR is seen to be the 
magnitude of the ODCR signal, which reflected up to 
a 50% modulation of the PL intensity. 

2. Theory 

With the application of a magnetic field, energy .ievels 
of free carriers in a semiconductor are quantized into 
Landau levels (LL) separated by Eu,. Below each LL 
exists an additional series of states due to carriers bound 
to impurities in the sample. Observed experimental 
transition energies of these impurity states are in good 
agreement with numerical solutions of the Schriidinger 
equation for a single electron under the simultaneous 
action of a static Coulomb potential and uniform 
magnetic field. Prominent among these studies is that 
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3. Experimental set-up 

ODCR requires two light sources: one in the visible 
to excite the luminescence and one in the far-infrared 
or microwave region. Photoluminescence (PL) was 
excited with a 3 mW solid state laser diode operating 
at 670 nm, used for its greater amplitude stability than 
conventional HeNe lasers. A COz-pumped molecular 
gas laser provided the FIR radiation in a series of lines 
from 47-570 pm. This was directed through a highly 
polished brass waveguide and series of mirrors onto the 
sample substrate, mounted in a Faraday configuration 
at the field centre of an 18 T superconducting magnet. 
The 670 nm radiation arrived at the sample by means 
of one arm of a bifurcated optical bundle; the second 
arm collected the luminescence and retumed it to a 
0.5 m spectrometer, where the intensity was measured 
with a GaAs photomultiplier tube. The laser diode 
provided a power density at the sample of - 4 mW cm-'. 
The sample of Ga4s has a transport-measured peak 
mobility I.(. - 402000 cmzV-'s-'. carrier concentration 
(ND - N A )  of 2.8 x 10" cm-3 and is described in 
detail in [14]. Luminescence spectra will be presented 
in section 5 as part of the discussion relating to ODCR 
mechanisms. 

Three types of data were collected (1) photolumi- 
nescence (PL) measurements, (2) ODCR and (3) infrared 
modulated photoluminescence or IMPL. IMPL involves 
measuring the ODCR signal as a function of PL wave- 
length with the FIR allowed to illuminate the sample and 
the magnetic field fixed to correspond to a resonance 
position. The IMPL would then be compared with a PL 
spectrum taken at the same field value to determine how 
the FIR radiation impacted on the differing PL transi- 
tions. For PL and IMPL measurements, the spectrome- 
ter slits were narrowed in order to resolve the principal 
triad of peaks in the PL spectrum, while ODCR work 

of Makado and McGill [7], who calculated the energy 
eigenvalues of such a hydrogen-like system in a large 
magnetic field for the complete spectrum of bound states. 
These values have been successfully used to identify the 
origin of experimentally observed transitions for several 
photoexcitation and transmission spectra [8-121. 

Further refinement in the calculation of energy levels 
was offered by Simola and Virtamo [ 121, who considered 
the solution of the Schrodinger equation in the high- 
field limit and found that a series of so-called metastable 
states exist in the continuum below each Landau level. 
Unlike bound states, the metastable states have no zero- 
field analogue and consequently cannot be labelled using 
hydrogen spectrum notation. 

The characterization of impurity states can be 
confusing because it employs different labelling systems 
for the weak ( y  < l), intermediate ( y  - 1) and high- 
field (y > 1) regions, with 

where R; is the effective Rydberg or binding energy 
of the impurity, and w, = eB/m* is the cyclotron 
frequency. y is then a dimensionless parameter, 
being the ratio of the zero-point cyclotron energy to 
the effective Rydberg. The situation has become 
somewhat muddled as various authors have labelled 
high-field states with their corresponding low-field label, 
a correspondence that further theoretical work has shown 
does not exist [lo, 131. 

In weak fields, the energy eigenvalues are character- 
ized by the Zeeman splitting nomenclature and atomic 
numbers (n, I ,  m). In the high-field limit, statesmay be 
assigned quantum numbers ( N ,  m, v )  where N denotes 
the Landau level from which the state is derived, m 
(= N ,  N - 1,. . . , -00) is the magnetic quantum num- 
ber, and U (= 0 ,1 , .  . . , 00) equals the number of nodes 
of the eigenstate in the direction of the magnetic field. 
The parity of the eigenstate is given by n = 
m and 7r remain good quantum numbers throughout the 
field spectrum. Also applying to the entire field range are 
the electric dipole selection rule, Am = f l  for a Fara- 
day configuration, and the parity restriction qnr = -1, 
where 7ri and 7rf are the parities of the initial and final 
states respectively. 

No quantitative theoretical information existed 
conceming the metastable states until recently, when 
 EN,^," -  EN-^,-^,", the energy difference between 
states ( N , m ,  U) and ( N  - m, -m, U). was shown 
experimentally to be mho, [9]. Optical Am = +I 
transitions thus yield pairs of lines separated by o, in 
frequency. von Klarenbosch et d [SI used this to label 
many experimentally observed low-field transitions with 
energy above the N = 0 LL as metastable states. We 
employ the energy level calculations of Makado and 
McGill and the experimental results of von Klarenbosch 
et a1 to classify our observed bound and metastatde 
impurity transitions. 

4.40 4.44 I (I.", 
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Figure 1. ODCR signal for a FIR wavelength of 163 pm. 
Transitions with hydrogen-like analogues are sharply 
defined (i.e. 1s-2pC, 3p+). The splitting is due to central 
cell effects of different impurities. Low-field, higher energy 
metastable transitions show broad profiles (310, 510 etc). 
The free-electron transition is at 4.41 T with enough 
resolution to show a spin-split peak 
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was performed with the slits set wide enough to take in 
all three without distinguishing between them (approxi- 
mately 0.5 cm). In this way, luminescence intensity was 
maximized for ODCR traces and the system resolution 
was comparable to the diamagnetic shift of the lumines- 
cence peak, making it unnecessary to continually adjust 
the detection wavelength when sweeping the field. 

The laser diode beam was chopped to provide 
a reference signal for a lock-in amplifier in PL 
measurements. ODCR and IMPL involved the additional 
step of taking output from the lock-in amplifier 
connected to the luminescence signal and feeding it 
into a second lock-in whose reference was provided 
by chopping the CO2 laser beam. This configuration 
maximized the ODCR signal-to-noise ratio and ensured 
that effects seen were not spurious in origin. The PL 
signal was chopped at - 2 kHz and the FIR signal at - 20 Hz. AU ODCR data were taken with the sample 
at - 2.2 K. Figure 1 is a representative ODCR trace for 
a FIR wavelength of 163 pm, showing the wealth of 
impurity transitions and a spin-split cyclotron resonance 
at 4.41 T. 

4. Experimental results 

4.1. Free-electron cyclotron resonance 
Free-electron cyclotron resonance energies for the 18 
different FIR frequencies used are collected together in 

0 5 IO 15 
Magnetic field (T) 

0.070 L , ,  , , , I . ,  , , . , , . , I .  I ,, 

0.069 
B 

Cyclotron energy (mev) 

Figure 2. (a) Free-electron cyclotron resonance energies 
as a function of field. The slightly nonlinear slope is a 
consequence of polaron coupling and non-parabolic 
band structure. (b) Experimentally determined electron 
effective mass. The lines show a linear ft at low energies 
to detennine the value(s) of K2 (cf text and 1151). 
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Figure 3. The splitting between the spin-(+) and spin-(-) 
free-electron transitions follows a characteristic B2 
dependence [16]. 

figure 2(n), a plot of the cyclotron energy, ECR = 
fteB/m*, against resonant field position, B, where ma is 
the carrier effective mass. The data points lie on a curve 
resulting from the combined effect of polaron coupling 
and the band structure. Figure 2(b) shows the cyclotron 
mass, m*, as a function of energy. Extrapolated to 
B = 0, the data give an effective mass of m; = 
(0.0661 +0.0001)mo, which agrees well with a previous 
cyclotron resonance study of bulk GaAs by Hopkins et 
a1 [U]. These authors fitted the effective mass at low 
ECR to 

with Eg the handgap and K2 determined empirically 
from the slope of the energy-mass relationship. Our 
data indicate K2 values of -1.67 and -1.45, for the 
spin-up and spin-down transitions, slightly lower than 
the data of Hopkins et nl. 

Generally, spin-splitting of the Landau levels is the 
result of the Zeeman interaction, but only manifests itself 
in cyclotron resonance measurements because of the 
energy dependence of the g-factor, which changes the 
magnitude of the splitting for successive Landau levels. 
This effect becomes visible in our data at fields above 
4.4 T. Following the work of Sigg et nl [16] on the field 
dependence of splitting in GaAs, the magnitude of the 
spin-splitting is plotted against BZ and shows excellent 
agreement with their result based on a five-band k . p  
model (figure 3). 

4.2. Lower energy impurity transitions and central 
cell effects 

In addition to the free-electron cyclotron resonance, a 
full range of transitions was observed from the ground 
to excited states of shallow donor impurities present 
in the sample. In describing these transitions it is 
convenient to split them into two groups: those with low- 
field bound hydrogen-like analogues and those without, 
the latter being the previously mentioned metastable 
states. Experimentally, those transitions with hydrogen- 
like analogues appeared as sharp resonances, with a 
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Figure 4. ODCR signal for a FIR wavelength of 118 pm. 
Differences in hydrogen-like and metastable state 
signatures are apparent (cf figure 1). 

hyperfine separation caused by central cell effects of 
the different impurities present in the sample, while 
metastable states had broad resonance profiles (figure 4). 

The experimental transition energies from the 1s 
ground state to the hydrogen-like states up to and 
including the 3p+ energy level were found to match 
the theoretical results of Makado and McGill through 
the intermediate field region. An effective Rydberg 
R; of 5.72 meV was used in the calculations. The 

ls-zp, 
I 

-Makado and MeGill Theory 
0 Negative ODCR resonances 
* Positive ODCR resonances 

01 " ' " " ' ' ~  " " "  
0 5 10 15 

Magnetic Field (T) 

Figure 5. Transitions with hydrogen-like state analogues 
are fitted to the theory of Makado and McGill, which 
calculates the energy spectrum of a hydrogen atom in a 
large magnetic field. An effective Rydberg of 5.72 meV 
was used in the calculation. Central cell shifts of different 
impurities are resolved as repeating groups of triplets, 
especially on the flatter lower energy transitions. Also 
shown are the predicted energy levels of the 1s- N = 0. 1 
Landau level transitions. 

Figure 6. ls-2p- transition for 251 wm. The flat slope of 
the transition at high fields results in chemical shifk due to 
S, SnISe and Si donors being spread over 1.5 T. 

energy of these resonances is plotted as a function of 
field in figure 5, with the full curves representing the 
energy spectrum determined by the analysis of Makado 
and McGill. The slight discrepancy between theory 
and experiment at high fields is caused by band non- 
parabolicity, which was not considered by Makado and 
McGill. 

The large number of incident frequencies coupled 
with high resolution of the ODCR technique provide a 
detailed picture of the central cell effects in this GaAs 
sample. Previous studies [17, 181 employed pressure 
to increase the resolution on transitions with steeper 
gradients and also used the lower energy transitions ls- 
2p-, 1s-2p0, 1s-3p- and ls-3~0, whose flatter slopes 
served the same function. In our most extreme case, the 
small change in energy with increasing field on the I s  
2p- transition resulted in a 1.5 T wide split of the three 
chemically shifted resonances (figure 6). 

Pictured in figure 7 is the ls-3p+ transition with 
a laser wavelength of 163 pm. The three peaks are 
due to S, SdSe and Si donors present in the sample 
[14]. The lines are nmower than photoconductivity 

Z L  n 5.0 
0 4.9 

Magnetic Field (T)  

Figure 7. ls-3p- transition for 163 pm. Even for 
transitions with much steeper gradients of energy versus 
field, the high resolution of the ODCR technique enabled 
ObSeNatiOn of central cell effects. The discrepancy in 
linewidth between figures 6 and 7 is due to the larger 
extent in real space of the 3p, wavefunction relative to the 
2p- state. Figure 6 represents a positive OOCR signal and 
figure 7 a negative ODCR signal (cf section 5). 
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spectra obtained previously from high mobility MBE- 
grown n-GaAs, an indication of the purity and highest 
ever recorded peak mobility of this sample. 

4.3. Higher energy transitions 

In addition to lower energy transitions of the bound 
hydrogen-like states, we also observed shallow donor 
transitions to metastable states (cf figures 1 and 4). 
The hyperfine separation of peaks due to central 
cell corrections of different donors is absent because 
the energy levels of the final metastable states are 
considerably broader than the hydrogen-like bound 
states. ODCR spectra of these low-field features are 
equivalent to or better than photoconductivity traces 
taken with the same sample or ones of comparable 
quality [S, lo]. More importantly, the troublesome 
adjustment of sample voltage bias is eliminated with 
ODCR. 

In figure 8 the experimentally observed transitions to 
final states above the l s - 3 ~ ~  impurity level are given. 
The full curves are taken from the photoconductivity 
study of von Klarenbosch et al [SI, which labels energy 
levels following the analysis of Simola and Virtamo [12]. 
No (200) or (250) metastable states were seen. This is 
consistent with the hypothesis of von Klarenbosch et ul 
[8] that above-bandgap radiation decreases the number 
of ionized impurities and thereby minimizes the mixing 
of electron states (210) and- (210) responsible for the 
formation of the (200) and (220) states. von Klarenbosch 
et d [8] use bandgap radiation as an additional check 
on the identification of transitions. In our case, above- 
bandgap radiation is inherent in the ODCR system to 
excite the PL. 

For FIR wavelengths of 70 and 118 urn, a high-field 
tail to the free-electron cyclotron resonance peak was 
seen (figure 9). These have been observed previously 
in both ODCR [2,3] and photoconductivity spectra [I91 
taken with strong incident FIR power and temperatures 
above 4 K. Following the analysis of Hawksworth et 
al [19], it is reasonable to assign these resonances 
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Figure 8. Transitions to states lying above the l s 3 P +  
impurity level. Full cutves are fits following the analysis of 
Simola and Virtamo [121. 
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Figure 9. Transitions to metastable states from the N = 0 
Landau level are visible in the tail of the free-electron 
resonance for FIR wavelengths of 118 and 70 @m. 

as transitions from the N = 0 Landau level to 
metastable states. The broad shape is characteristic 
of a metastable transition, and ODCR spectra match 
the photoconductivity trace, despite our colder base 
temperature which limited observation of such states in 
the Hawksworth experiment. 

Despite the large magnitude of the ls-2p* impurity 
resonances, no transitions involving the D- state were 
observed. The D- is the analogue of H-; for GaAs it 
has an effective Rydberg 5.5% of the Rydberg for the 
neutral donor. D-- N = 0 LL transitions have been 
reported by Grimes el al, among others, in recent 
photoconductivity studies as lying lower in field than 
the cyclotron resonance transition ([20] and references 
therein). The lack of D- states probably results from 
neutralization of ionized donors by the visible laser 
radiation. 

5. Mechanisms underlying ODCR 

There are two distinct processes taking place simulta- 
neously in an ODCR experiment: PL produced by the 
above-bandgap radiation and absorption of the incident 
FIR radiation as in a standard CR experiment. The FIR 
radiation, from 4-25 meV, results in donor-bound elec- 
trons being excited to higher energy levels. Detection of 
these transitions occurs through changes in the PL inten- 
sity, which involves recombination of excitons bound to 
donor/acceptor sites at energies of - 1.5 eV. It is worth 
noting that all the observed resonances with the FIR en- 
ergy were free or donor-bound single electron transitions 
rather than transitions within an excitonic complex. This 
is perhaps not surprising because the number of excitons 
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and holes, cr = m:/mi; if U < 0.38 stable binding to 
ionized donors, (D+,X), occurs [25]. GaAs meets this 
requirement with m; << m; but the hole is considered 
to be very weakly bound. This complex competes with 
ionized acceptors for capture of holes, which generally 
disappear quickly due to their large capture cross section 
[22, 261. 

The sample was heated up to - 20 K in an attempt 
to increase emission of the free exciton luminescence. 
While the relative proportion of free exciton PL was 
increased, total luminescence intensity was drastically 
reduced, with the different recombination processes 
affected unevenly. In the temperature region from 2 
to 12 K, a rapid decrease of the intensity of the (Do,X) 
line with increasing temperature was accompanied by 
an increase in the free electron-acceptor (e, A') peak. 
These results are consistent with an earlier study [U], 
whose authors attributed differing behaviour of the two 
transitions to an Auger-like process where (Do,X) non- 
radiative dissociation results in promotion of the 'donor' 
electron up into the conduction band. Although the 
dominance of non-radiative processes in direct gap 
materials like GaAs has since been called into question 
[28], the temperature data indicate a strong link between 
the efficiency 'of (Do,X) formation and the number 
of free electrons as signified by the $rength of the 
(e,Ao) line. Failure to increase the amount of free 
excitonic recombination and the overall reduced levels 
of luminescence at higher temperatures led us to take all 
ODCR spectra at 2.2 K. 

An applied magnetic field increases the complexity 
of luminescence originating from excitons bound to 
impurities. The problem is similar to that of a 
single electron subjected to simultaneous Coulomb and 
magnetic forces discussed earlier, except that the exciton 
replaces the single canier orbiting the donor complex. 
The energy spectrum of bound excitons is similarly 
quantized, with selection rules governing the allowed 
transitions. Attempts to model the observed intensities 
of bound excitonic transitions in magnetic fields have 
characterized the binding energy between exciton and 
donor as a combination of existing theories for the H- 
and HZ hydrogen atom. In the former, the electron orbit 
will be smaller than the hole orbit and the two electrons 
can be assumed to pair in the Is state of the donor, 
with the 'excitonic hole' some distance away; the latter 
envisions the donor and exciton as two interacting H 
atoms [29, 301. Magneto-photoluminescence studies of 
GaAs have primarily attempted to separate transitions 
due to the presence of different donors [3 11 and identify 
the origin of satellite luminesence spectra [32]. In 
the present study, the spectrometer slit width was 
coarse when compared with these high resolution PL 
experiments. Nonetheless, changes in the spectra with 
field are attributable to reductions in the efficiency of 
bound excitonic creation and shifts of the underlying 
excitonic structure. 

Figure 11 shows the effect of increasing field on 
the intensities of the (D+,X), (Ao,X), (+Ao) and Po- 
Ao) transitions relative to the (Do,X) intensity. A field 
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Figure 10. The PL spectrum of bulk GaAs taken at 
5 = 0. The three arrows mark different rotational states of 
transitions involving excitons bound to neutral acceptors. 

created by the visible laser illumination is far fewer than 
the number of residual impurity electronst. 

Since detection of the electron resonances is 
inextricably linked to the luminescence, it is necessary 
first to try to provide a qualitative description of 
,the luminescence mechanism in bulk GaAs. PL 
measurements were taken over a range of magnetic fields 
and temperatures to aid in this process. Figure 10 
shows the zero-field, 2.2 K PL spectra with the 
different transitions labelled. Peaks due to the radiative 
dissociation of excitons hound to neutral and ionized 
donors and acceptors-(Do,X), @+,X) and (Ao,X)- 
respectively, are prominent. Less intense are peaks 
due to free exciton recombination (X) and the free 
electron-neutral acceptor (e, A")/neutral donor-acceptor 
Po, A') complex at longer wavelengths [14, 211. The 
(D+,X) complex is often is represented as @",h), a hole 
binding to a neutral donor, which is an excited state 
representation of the (D+,X) system. 

A study by Bimberg er QI [22] on the kinetics of 
recombination in GaAs indicates that excitonic creation 
is extremely rapid and essentially instantaneous on 
the scale of bound excitonic lifetimes. Time-resolved 
luminescence studies show prominent free. exciton and 
(Do,X) peaks after pulses as short as 2 us. Striking 
enhancement of donor-related photoluminescence has 
also been observed when the excitation energy lies just 
below the bandgap, consistent with excitation of the 
free excitons [23]. Exciton' capture then represents 
the dominant mechanism for @O,X) creation [24]. 
Formation of neutral acceptor complexes, however, is 
determined by the initial capture of holes by ionized 
acceptors, A- + h+ .j A', resulting in the neutral 
acceptor state to which the exciton then binds. This 
capture of minoritycharge caniers by ionizdimpurities 
is relatively slow when compared with formation of 
donor bound excitons. 

The relative probability of binding to an ionized 
impurity depends on the effective mass ratio of electrons 

t 3 mW of diode illumination provides a power density of 
4.2 mWcm->, assuming a factor of ten loss in coupling to the 
fibre. This results in 1.42 x IOL6 photonss-Lcm-2. Assuming a 
penetration depth of 5 pm and a lifetime of 100 ns. this results 
in a steady state exciton population of - 3 x 10'' ~ m - ~ .  
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Figure 11. An increase in the magnetic field shalply 
decreases the intensity of the (D+-X), (A"-X), (+A") and 
(DO-AO) transitions relative to the (Do-X) transition. At 
fields above 10 T, 70% of the total integrated intensity is a 
consequence of the (Do-X) transition. 

strength of 13 T results in - 70% of the total integrated 
PL intensity being due to (Do,X) dissociation, with little 
contribution from the other lines. The quenching of the 
(D+,X) transition could be explained by the magnetic 
field limiting the extent of the donor wavefunction and 
increasing the binding energy. This would reduce the 
concentration of D+ ions by increasing the probability 
of electron capture to a Do state [33]. It is not as 
clear why the (Ao,X) transition diminishes in intensity 
at these high fields. Spectra taken by Driessen et 
al [32] on high purity GaAs samples show similar 
intensities of the (Do,X) and (Ao,X) peaks at 7 T, 
although a direct comparison is difficult because of their 
use of selective line pumping. Formation of the exciton 
acceptor complex is dependent on the ability of ionized 
acceptors to capture free holes, which in turn is heavily 
dependent on the compensation ratio. The relatively low 
compensation ratio expected for a sample of this quality 
may explain the discrepancy as most of the available 
holes would be already bound to donors. 

Absorption of the FIR may be viewed as a significant 
perturbation on this complex luminescence mechanism. 
ODCR resonances were classed as negative if the FIR 
resulted in a decrease of the PL intensity and positive 
if the PL intensity was increased at resonance. The 
free-electron, higher energy impurity transitions (i.e. 
m = +1, +2, etc) and transitions to metastable states all 
resulted in negative resonances. Lower energy impurity 
transitions (i.e. m = 0, -1) switched from producing a 
negative to positive ODCR signal at fields above 8 T. 
This phenomenon has not heen reported in other ODCR 
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Figure 12. PL and IMPL traces for a FIR wavelength of 
163 Nm taken at 2.085 T, which corresponds to the 
15-2p+ transition. The FIR radiation strongly attenuates 
the transitions involving bound excitons and the (DO-A") 
complex. An increase in the (*Ao) line indicates a greater 
number of electrons in the conduction band. 

studies. Negative and positive ODCR resonance signals 
are marked in figure 5. 

Most of the ODCR data were taken with a wide slit 
setting and the spectrometer-centred on the luminescence 
due to excitonic recombination. This eliminated changes 
in PL intensity due to the diamagnetic shift and provided 
ample luminescence signal. It did not differentiate 
between different luminescence transitions; a negative 
ODCR signal results from a net decrease of the total PL 
with FIR illumination. Comparison of the PL and IMPL 
traces, however, indicates how the FIR radiation impacts 
on the intensities of the differing PL transitions. 

Figure 12 shows the PL and IMPL signals at the 
resonance field of the ls-2p+ transition for a FIR 
wavelength of 163 fim. The intensity of the (Do,X), 
(D+,X) and (Ao,X) complexes is sharply reduced when 
illuminated by the FR. Attenuation of the PL intensity 
originating in this triplet of peaks often approached 50% 
under resonant conditions. An increase in PL intensity 
is observed for the free electron to acceptor transition, 
(e,Ao), at longer wavelengths. The increase in PL 
intensity for this transition is contrary to the findings 
of Wright et a1 121 in their ODCR study of bulk GaAs 
but agrees with a parallel study by Moll er a1 141. 

The IMPL spectrum in figure 12 illustrates the 
principal mechanism at work in optically detected 
cyclotron resonance: donor electrons, excited by the FIR 
from the ground Is level into higher impurity states, 
have an increased probability of being ejected into 
the conduction band by absorption of phonons [34]. 
A greater number of free electrons will suppress the 
formation of excitons and increase the impact ionization 
process whereby an electron knocks the remaining bound 
excitons off their donor sites. This results in a decrease 
of the PL due to bound excitons. There is a visible 
enhancement of the (e,Ao) transition, signifying an 
increase in the number of conduction band electrons. 

Support for this contention comes from photocon- 
ductivity measurements, where a current increase across 
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a sample is seen at field values corresponding to impu- 
rity transitions [35, 361. A luminescence study moni- 
toring the influence of 10.6 Wm radiation on edge lumi- 
nescence in n-GaAs attributed quenching of transitions 
involving both donor and acceptor bound excitons to the 
liberation of electrons and holes from their respective 
impurity centres by the near-infrared radiation [37]. Ad- 
ditional evidence is provided by luminescence intensity 
measurements as a function of electric bias voltage [38], 
which showed similar changes in individual peak inten- 
sity to those observed in the present study and indicated 
that weakly bound excitons are first to be ionized when 
the field strength is increased. 

As noted earlier, high energy impurity transitions 
continue to give a negative oDCR signal throughout 
the field range, while lower energy impurity transitions 
produce a positive ODCR signal above 8 T. We believe 
the cause for the changeover is lwofold: Firstly, the 
magnetic field increases the magnitude of the (Do,X) 
transition relative to the other excitonic transitions (cf 
figure 11). Changes to the (Do,x)~ complex therefore 
influence the ODCR signal more heavily at higher 
fields. Secondly, the increase in field suppresses the 
photothermal ionization of carriers from lower lying 
impurity levels up to the conduction band. This has 
been shown in far-infrared photoresponse studies of high 
purity InP 1391 and GaAs 1401, where the  application^ 
of field results in extremely long lifetimes of carriers 
confined in lower lying impurity states like the 2p-. 

It is possible that carriers which are stuck in these 
‘bottleneck‘ states could lead to the formation of donor 
bound excitons directly in excited states. For example, a 
donor with its electron confined to the 2p- level would 
capture an exciton and result in a state that could be 
labelled (DZ~-,X). These excited donor bound excitons 
would provide the specific mechanism that results in 
the observed positive ODCR signals at higher field. 
The larger extent of the donor electron wavefunction 
when excited by the FIR into a higher impurity state 
would increase the donor capture cross section and 
subsequent probability of exciton capture. An increase 
in luminescence intensity with FIR radiation would then 
be expected.at high fields when the photothermal effect 
is only weakly operative. Additionally, the ‘Auger’-like 
process used to explain the temperature dependence of 
luminescence peak intensity [27] could also contribute 
to the changeover from negative to positive ODCR 
signal. Interactive processes like the Auger effect are 
usually confined to materials with extremely high carrier 
concentrations, but in the case of an exciton bound to a 
neutral donor the three. required carriers are confined to 
the region surrounding the donor. The increasing size of 
the donor electron wavefunction with FIR illumination 
would also serve to weaken the overlap between the 
‘exciton hole’ and ‘donor electron’. The probability of 
the non-radiative ‘Auger’ process would be decreased, 
leading to more radiative recombination and thus more 
luminescence. 

The presence of excited donor bound exciton states 
with FIR illumination might be expected to shift the 
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Figure 13. PL and IMPL traces for a FIR wavelength of 47 Fin 
taken at 12.715 T, which corresponds to the ls-2p+ 
transition. m~ radiation attenuates the (D+-X) and (Ao-X) 
lines but has a differential effect on the (Do-X) transition. 

luminescence recombination energy slightly. The limit 
of maximum excitation of the donor electron to higher 
impurity states would be the (Dc,X) transition, where 
the exciton binds to a donor whose electron has been 
ionized. Evidence for excited donor bound exciton states 
would therefore occur in the portion of the (Do,X) line 
that adjoins the (D+,X)  peak.^ Under mi? illumination the 
excited donor bound exciton states would be expected to 
increase their radiative recombination, while the standard 
donor bound exciton line might decrease slightly due 
to the weakened photothermal effect. This is exactly 
what we observe. Pictured in figure 13 are the PL 
and IMPL signals corresponding to the Is-Zp+ resonance 
for 47 p.m at 12.7 T. For the @+,X) and (Ao,X) 
peaks there is a direct correspondence between the 
PL and IMPL trace. The IMPL signal for the (Do,X) 
transition, however, shows a positive signal close to the 
(D+,X) peak and a slightly negative signal at shorter 
wavelengths. An IMpL spectrum of the lower energy 
ls-2p- resonance for 251 p.m (figure 14) reveals only 
a positive (Do,X) contribution to the ODCR signal. This 
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again illustrates the role that lower lying donor states 
have in the process of excitonic recombination. 

Differential-like IMPL signals have been previously 
observed in GaAs/AlGaAs quantum wells [5] and 
heterostructures 13, 411. Ahmed er al ascribed the 
positive portion to resonant heating of free carriers, 
thereby increasing free exciton emission and decreasing 
(Do,X) emission. No increase in free exciton emission 
is observed in our data or in their bulk GaAs spectra 131, 
casting doubts on the validity of this hypothesis. 

6. Conclusions 

Optically detected cyclotron resonance has been per- 
formed on a high quality sample of bulk GaAs. 
Experimentally, ODCR is shown to be a viable experi- 
mental technique for free-electron mass determination 
and impurity studies. Transitions from the impurity 
ground state to excited states with hydrogen-like ana- 
logues are described well by the energy levels predicted 
by Makado and McGill. Chemical shifts to these im- 
purity levels due to different donors in the sample are 
completely resolved at full field. Metastable states exist, 
appearing as broad resonances, and are fitted using an 
existing theory. The ODCR signal is shown to be primar- 
ily due to the photothermal effect, where larger numbers 
of electrons are freed by FIR illumination from donor 
sites into the conduction band. This increases the impact 
ionization of bound excitons and results in a decrease 
of luminescence intensity due to excitonic recombina- 
tion and a corresponding increase in free-electron-related 
luminescence. At higher fields, a complex interaction 
between donor electrons and the donor bound exciton 
energy spectrum results in an enhancement of a poaion 
of the (Do,x) PL transition. 
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