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High-resolution optical detection of electron spin resonance in epitaxial semiconductor layers
by coherent Raman spectroscopy

S. J. Bingham, J. J. Davies, and D. Wolverson
Department of Physics, University of Bath, Bath, BA2 7AY, United Kingdom

~Received 29 November 2001; published 18 March 2002!

We describe the application to semiconductors of a microwave-frequency optical heterodyne technique that
enables electron-spin-resonance spectra to be detected through coherent Raman scattering. The technique is
sufficiently sensitive to detect spectra from epitaxial layers and has the added advantage of optical selectivity.
We demonstrate its effectiveness with studies of a ZnSe epitaxial layer in which there is a variation in strain.
The spin-resonance linewidths are sufficiently narrow for the gyromagnetic ratio to be determined with a
precision of 1 part in 104 and, as the laser is tuned to resonance with differently strained parts of the material,
the g value changes at a rate of approximately 0.4 eV21. We have carried out the experiment in both trans-
mission and reflection geometries and the technique promises to be of wide applicability.
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It has long been recognized that the determination of
romagnetic ratios (g values! and other spin-Hamiltonian pa
rameters provides considerable insight into the behavio
electrons in condensed matter. In semiconductors, for
ample, such parameters are sensitive to the band structu
strain, and to the state of binding of the electron. In princip
the most direct method for such measurements is elec
spin resonance~ESR!, which has been used extensively ov
many years to investigate dopant and defect states in
specimens. However, mainstream interest in semiconduc
has now moved from bulk crystals to epitaxial structures a
the sensitivity of ESR in its conventional form is, unfort
nately, sufficient only for the study of relatively highly dope
specimens. Furthermore, conventional ESR cannot dis
guish between signals obtained from different parts of
heterostructure. An alternative approach is necessary.
purpose of the present paper is, therefore, to describe
optical detection scheme based on coherent Raman scatt
that makes it possible to observe ESR in the small ac
sample volumes of epitaxial layers and heterostructures.
technique has the important advantage of optical selecti
and promises to be of wide applicability.

The approach is illustrated by the three-level energy d
gram of Fig. 1~a!. The lower levels represent the two Zeem
components of the ground state of the center under inve
gation, and, in the simplest case, are split in a magnetic fi
B by an amountgmBB, wheremB is the Bohr magneton. The
Zeeman splitting can be measured directly in standard~non-
coherent! spin-flip Raman scattering~SFRS! experiments
~e.g., Refs. 1–4!. The Raman shifts are measured using
dispersing spectrometer or a Fabry-Perot interferometer:
accuracy is usually limited by the laser linewidth and by t
strength of the available magnetic field andg values deter-
mined in this way are typically quoted to an accuracy o
few percent. An important aspect is that the scattering cr
section is enhanced considerably when the laser is tune
coincide with the relevant excitonic transition, as indicated
Fig. 1~a!. Since the energies of excitons bound to differe
scattering centers are not the same, SFRS as a functio
laser wavelength is highly selective.

The optically detected ESR experiment reported here
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fers significantly from the standard SFRS technique. The
ditional feature@Fig. 1~b!# is that excitation of the magnetic
resonance transitionu1&→u2& with microwave radiation
imposes a coherence in the ‘‘spin-flip’’ scattered light.2,3 The
resulting constructive interference between Raman wa
originating at different centers creates a temporally and s
tially coherent signal beam. Coherent Raman scattering
occurs with the Raman frequency shift being equal to
microwave frequency.2,3,5 The amplitudes of the coheren
Raman waves are linearly related to the microwave-indu
precessing magnetization that occurs at magnetic resona

FIG. 1. ~a!,~b! Energy-level diagrams, respectively, illustratin
normal ~noncoherent! spin-flip Raman scattering and microwav
assisted coherent scattering. States 1 and 2 represent the two
states of the electron and are separated in energy bygmBB. ~c!
Schematic arrangement of the equipment used. The magnetic
is normal to the direction of the laser beam and the specimen is
K. Two lock-in amplifiers are used to monitor the absorption a
dispersion phases of the signal simultaneously.
©2002 The American Physical Society01-1
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Further, the phase difference between the exciting mic
wave field and the precessing magnetization is directly
produced in the coherent Raman waves. Measurement o
amplitude and phase of the Raman waves thus provides
same information as conventional ESR absorption and
persion measurements and the behavior can be treated
well-established theories.6,7

The distinguishing feature of our experiment is that,
measure the amplitude and phase of the coherent Ra
waves, we use an optical heterodyne detection schem
which the Raman radiation beats against the copropaga
laser in a high-speed photodetector. Such an approach
been employed previously where the frequencies of the
tical signal and laser waves differ by radio frequenc
(,1 GHz), e.g., in experiments on color centers
diamond,8 on atomic vapor hyperfine transitions9 and nuclear
quadrupole transitions of lanthanide ions in crystals.10 More
recently, we have built an optical heterodyne detection
strument operating at a much higher frequency~13.7 GHz!
that has been used to measure the first coherent Raman
~CR-ESR! spectra of transition-metal ions, initially in
Cr31:Al 2O3 ~Ref. 11! and later in metalloenzymes.12 Here
we report the application of the technique to epitaxial se
conductor layers.

The experimental arrangement is shown in Fig. 1~c!. The
specimen is placed in a rectangular TE012 mode 13.7-GHz
resonator with optical transmission in a direction along
specimen growth axis and perpendicular to the field p
duced by a superconducting magnet. Liquid helium at 1.7
is allowed to enter the resonator, which is excited at a c
tinuous microwave power of the order of 100 mW. Radiati
from an ultraviolet-pumped Coherent 599 continuous-wa
dye laser passes through the specimen and is focused on
high-speed InGaAs Schottky photodiode. For the transmi
laser and coherent Raman radiation to interfere~that is, for
the laser to act as a local oscillator5,13! it is necessary to
excite with circularly polarized light. The resulting 13.7-GH
beat signal is detected using a low noise coherent microw
receiver similar to the ‘‘bridge’’ of a conventional ESR in
strument and use of a quadrature mixer allows the simu
neous measurement of both the absorptive and dispe
components. Changing the sense of polarization of the l
from left to right changes the sign of the signal, so th

FIG. 2. The absorption and dispersion components of the
ESR spectrum from a ZnSe epitaxial layer. The incident microw
and laser powers were, respectively, 100 mW and 40 mW.
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polarization modulation~at 50 kHz!, such as the magnetic
field modulation typically used in conventional ESR instr
ments, allows the use of lock-in detection. As in conve
tional ESR, we sweep the magnetic field, rather than
microwave frequency: however, since there is no field mo
lation, the signals are not differentiated with respect to fi
as is usual in ESR. The data may be plotted convenientl
the modulationDA of the sample absorbanceA, which is of
the form A5A01(DA/2)sin(v1t), wherev1/2p is the mi-
crowave frequency andA0 is the average absorbance.

The specimen studied was an undoped 0.8-mm epitaxial
layer of ZnSe grown by metal-organic vapor phase epita
~MOVPE! on GaAs and subsequently removed from the s
strate and glued to a fused silica disc. The photolumin
cence spectrum shows a strong line due to recombinatio
excitons bound to neutral donors~the I2 line!.14 The line is
shifted from that in cubic ZnSe because of the biaxial co
pressive strain caused by the difference in thermal cont
tion of the epilayer and the silica and is also broadened
cause of the nonuniformity of the strain. When the laser is
to resonance with I2, strong spin-flip transitions are readil
observed in the conventional SFRS spectrum, leading tog
value of 1.1260.03.

Both phase components of the CR-ESR spectrum
shown in Fig. 2. At the microwave power level available, t
signals are not saturated. Their intensity is a strong func
of the laser tuning and they are observed only when the la
is close to resonance with the I2 line. Of note is the linewidth
~2 mT! of the CR-ESR signal, which is sufficiently narrow t
provide a precision of60.0001 in theg value. Expressed in
energy units, the linewidth is about 1024 meV, very much
smaller than the resolution (;0.1 meV) typical of standard
SFRS spectroscopy.

This high resolution of the experiment reveals that t
exact g value is in fact a function of laser wavelength,
shown in Fig. 3. Theg value of electrons in shallow states
ZnSe has been analyzed in detail~e.g. Ref. 15, and refer
ences therein! and is well described by five-bandk•p theory.
It has also been pointed out16 that changesin the g value
caused, for example, by strain or quantum confinement
be dealt with by considering only the leading terms that ar
from the three-band theory, which, for the componentg' of
the g tensor in the plane of the epilayer, gives17

-
e

FIG. 3. The dependence of the measured value ofg' on the
laser energy.
1-2
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g'5g02
2EP

3 F 1

Elh
2

1

Eso
G , ~1!

whereElh and Eso represent the magnitudes of the ener
separations of the conduction band from the light-hole a
the spin-orbit split-off valence bands, respectively, a
whereEP (524.3 eV)~Ref. 15! is the interband momentum
matrix element~in energy units!. Elh and Eso can be ex-
pressed as functions of the biaxial strain and deforma
potential constants18,19 and lead to the prediction tha
dg'/dEhh53.3 eV21. This is around an order of magn
tude larger than we observe experimentally and this disc
ancy is not removed by using five-band theory. Our da
therefore, present a challenge to current band-structure m
els. There are several other effects that may introduce a
relation betweeng factor and excitation energy~e.g., band
nonparabolicity, variation of donor species, varying over
between adjacent donor wave functions! and the determina
tion of the relative significance of these will require furth
study. The essential point is that theg-factor variation dem-
onstrated here would be undetectable by other technique

We now turn to sensitivity considerations. Microwav
induced coherent Raman scattering has been observed
conventional Fabry-Perot detection by Romestain a
co-workers.3,2 Based on their analysis, one obtains the f
lowing expression for the sideband powerPS relative to the
laser powerPL incident on the detector:

PS

PL
5

1

4 S ds

dV Dl2N2sx
2L2

es8
5a2N2L2, ~2!

where (ds/dV) is the SFR scattering cross section,l is the
wavelength,es8 is the optical dielectric constant,N is the
concentration of scattering centers, andgmBsx/2 is the trans-
verse magnetization generated by the microwaves. In Eq~2!
we have assumed that the specimen thicknessL is small. For
CdS excited at 488 nm, which is partly in resonance with
I2 line in that material, and for a specimen withL51 mm
andN5231017 cm23 with saturating microwave power, i
was found2,3 that Eq. ~2! gave PS /PL'0.1 ~in reasonable
agreement with experiment! so thata is about 10217 cm2.

Detection of such a large change is well within the sco
of a Fabry-Perot system. The problem with epitaxial mate
als is, however, the appearance of the factorL2 in Eq. ~2!. In
our case,L'1 mm, immediately requiring a factor of 106

increase in detected power sensitivity, which becomes v
difficult to achieve with a Fabry-Perot system. The appe
ance of the factorN2 imposes further demands, especially
the specimen is strained nonuniformly so that the numbe
scattering centers in resonance with a particular wavelen
is reduced.

It is here that the sensitivity of the heterodyne techniq
becomes vital. The performance of optical heterodyne
ceivers for detection of ESR has been discussed by Bing
et al.5 The signal is proportional to the amplitude of the R
man field multiplied by the amplitude of the unshifted las
field ~i.e., the local oscillator!. At sufficiently high laser
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power, the minimum detectable number of Raman sig
photons in a given data acquisition period is of the order
the reciprocal of the photodetector quantum efficiency.
though this shot-noise limited performance is not qu
reached in the present experiment, a minimum detecta
Raman wave power of the order of 10214 mW can be ex-
pected with a 0.1 mW local oscillator.5 This is still very
much better than can be achieved even by multipass Fa
Perot systems. For example, in CdS withL51 mm, using
the value ofa quoted above, it should be possible to dete
(331014) cm23 scattering centers. This value will fall with
more laser power or a less absorbing sample. A sensitivit
the order of 1013 cm23 centers should be possible befo
photoreceiver damage occurs.

The signals observed in ZnSe~Fig. 2! represent change
in absorbance of the order ofDA5431025, which corre-
sponds to a ratio of Raman sideband power to the m
transmitted power of the order of 10210. We estimate that the
precessing effective spin parametersx in our experiment is
similar to the CdS experiment,3,2 and since the other param
eters for ZnSe and CdS can be expected to be similar
estimate forN of about 1016 cm23 is obtained. However,
this is likely to be an underestimate, possibly by an order
magnitude, since the exciton linewidth in our particul
specimen is significantly broadened~full width at half maxi-
mum of about 5 meV! by the nonuniform strain that leads t
the spread ing values shown in Fig. 3. This estimate of
donor concentration in the region of 1016 to 1017 cm23 is
consistent with values typical of nominally undoped Zn
specimens produced by MOVPE.20

It is also interesting to contrast the sensitivity with that f
conventional ESR. Our specimen volume is approximat
1026 cm23, so that there are of order 1010–1011 spins
present. Conventional ESR instruments are typically quo
as having sensitivities~at 300 K! of 1012 spins for a 1 mT
linewidth and 100 mW of microwave power. Although th
improves at low temperatures, possibly by a factor of 1
depending on relaxation times, it is clear that conventio
ESR signals at this doping level would be at the limits
instrumental sensitivity. Furthermore, there would be no d
ferentiation between the centers that give the range ofg val-
ues seen in Fig. 2 and the linewidth would be at least a fa
2 greater.

Further insight into the experiment comes from the se
classical picture, in which the magnetization precesses a
the magnetic field at the Larmor frequency and, at magn
resonance, is driven into a disk.6,7 Circularly polarized light
incident in the plane of the disk experiences an oscillat
circular dichroism and is thus amplitude modulated at
microwave frequency.21 Advances in optical detectors an
microwave amplifiers now make it possible to detect t
modulation.

To summarize, we have reported the application of opti
heterodyne detection of ESR to a semiconductor and dem
strated that the technique is sufficiently sensitive for
study of epitaxial layers. The linewidths are those expec
in conventional ESR and both the real and imaginary pha
of the signal can be detected. Here we have demonstrate
1-3
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approach by studying electrons trapped at donors in a sim
epitaxial layer of ZnSe. In a separate experiment, we h
also found that the measurements can be carried out in
flection geometry, which obviates the need to remove s
strates. The technique should, therefore, be widely applic
to more complicated heterostructures. The optical selecti
enables theg values to be correlated with the optical tran
ys

rs

ci.

-

tt.
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tion energy, thus providing information that presents n
challenges to existing theories.
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