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High-resolution optical detection of electron spin resonance in epitaxial semiconductor layers
by coherent Raman spectroscopy
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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 1band, 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 &WVe 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 gyfers significantly from the standard SFRS technique. The ad-
romagnetic ratiosdq values and other spin-Hamiltonian pa- ditional featurg[Fig. 1(b)] is that excitation of the magnetic-
rameters provides considerable insight into the behavior ofesonance transitioj1)—|2) with microwave radiation
electrons in condensed matter. In semiconductors, for exmposes a coherence in the “spin-flip” scattered ligAtThe
ample, such parameters are sensitive to the band structure, esulting constructive interference between Raman waves
strain, and to the state of binding of the electron. In principleoriginating at different centers creates a temporally and spa-
the most direct method for such measurements is electrotially coherent signal beam. Coherent Raman scattering thus
spin resonancéESR), which has been used extensively overoccurs with the Raman frequency shift being equal to the
many years to investigate dopant and defect states in bulinicrowave frequenc§>® The amplitudes of the coherent
specimens. However, mainstream interest in semiconductoRaman waves are linearly related to the microwave-induced
has now moved from bulk crystals to epitaxial structures angprecessing magnetization that occurs at magnetic resonance.
the sensitivity of ESR in its conventional form is, unfortu-

nately, sufficient only for the study of relatively highly doped @ 8> (b) 13>
specimens. Furthermore, conventional ESR cannot distin-
guish between signals obtained from different parts of the AVAVERRRAVAV Avav

=

heterostructure. An alternative approach is necessary. The
purpose of the present paper is, therefore, to describe an
optical detection scheme based on coherent Raman scattering
that makes it possible to observe ESR in the small active

o (c) -_._|—|
sample volumes of epitaxial layers and heterostructures. The - -
technique has the important advantage of optical selectivity a"n‘:;'l‘i;i'gr aan:::(i;ilgr

|2> 2>
[1> [1>

and promises to be of wide applicability. PEM
The approach is illustrated by the three-level energy dia- controller —>R—ef|—fDl—] a
gram of Fig. 1a). The lower levels represent the two Zeeman i
components of the ground state of the center under investi- Microwave | Quadrature
gation, and, in the simplest case, are split in a magnetic field souree mixer
B by an amoungugB, whereug is the Bohr magneton. The Low noise
Zeeman splitting can be measured directly in standao- Power amplifier
coherent spin-flip Raman scatteringSFRS experiments amplifier
(e.g., Refs. 1-¥ The Raman shifts are measured using a s| | L
dis%ersing spectrometer or a Fabry-Perot interferometersJ the o @ i
accuracy is usually limited by the laser linewidth and by the , ,
Cavity Photodiode

strength of the available magnetic field agdralues deter-

mined in this way are typically quoted to an accuracy of a g 1. (a),(b) Energy-level diagrams, respectively, illustrating
few percent. An important aspect is that the scattering Crosgormal (noncoherentspin-flip Raman scattering and microwave-
section is enhanced considerably when the laser is tuned gsisted coherent scattering. States 1 and 2 represent the two spin
coincide with the relevant excitonic transition, as indicated instates of the electron and are separated in energymyB. (c)
Fig. 1(a). Since the energies of excitons bound to differentschematic arrangement of the equipment used. The magnetic field
scattering centers are not the same, SFRS as a function @fnormal to the direction of the laser beam and the specimen is at 2
laser wavelength is highly selective. K. Two lock-in amplifiers are used to monitor the absorption and
The optically detected ESR experiment reported here difdispersion phases of the signal simultaneously.
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FIG. 2. The absorption and dispersion components of the CRI'aseFrlC;:r.g;/—he dependence of the measured valug,obn the
ESR spectrum from a ZnSe epitaxial layer. The incident microwave '
and laser powers were, respectively, 100 mW and 40 mW.

polarization modulatior{at 50 kH32, such as the magnetic-

Further, the phase difference between the exciting microfield modulation typically used in conventional ESR instru-
wave field and the precessing magnetization is directly rements, allows the use of lock-in detection. As in conven-
prodgced in the coherent Raman waves. Measurement of thnal ESR, we sweep the magnetic field, rather than the
amplitude and phase of the Raman waves thus provides thgicrowave frequency: however, since there is no field modu-
same information as conventional ESR absorption and digygjon, the signals are not differentiated with respect to field
persion measurements and the behavior can be treated usifg i ysyal in ESR. The data may be plotted conveniently as
well-established theorie’s’ the modulatiolAA of the sample absorbanée which is of

The distinguishing feature of our experiment is that, to - . . .
measure the amplitude and phase of the coherent Ramg’]\e form A= Ag+ (AA/2)sin(wyl), where wy/2a is the mi

waves, we use an optical heterodyne detection scheme, fowave frequency and, Is the average absorbance.

which the Raman radiation beats against the copropagati The specimen studied was an unQoped ,&JrB-epitaxia!
laser in a high-speed photodetector. Such an approach h er of ZnSe grown by metal-organic vapor phase epitaxy

been employed previously where the frequencies of the ogMOVPE) on GaAs and subsequently removed from the sub-

tical signal and laser waves differ by radio frequenciesStrate and glued to a fused silic_a disc. The photo_lum_ines-
(<1 GHz), e.g. in experiments on color centers inCence spectrum shows a strong line due to recombination of

diamond® on atomic vapor hyperfine transitidhand nuclear ~ €xcitons bound to neutral donofthe |, line).** The line is
quadrupole transitions of lanthanide ions in crystllstore  shifted from that in cubic ZnSe because of the biaxial com-
recently, we have built an optical heterodyne detection infressive strain caused by the difference in thermal contrac-
strument operating at a much higher frequeit$.7 GHz  tion of the epilayer and the silica and is also broadened be-
that has been used to measure the first coherent Raman ESRuse of the nonuniformity of the strain. When the laser is set
(CR-ESR spectra of transition-metal ions, initially in to resonance with,| strong spin-flip transitions are readily
Cr™:Al,0; (Ref. 11 and later in metalloenzymé$.Here  observed in the conventional SFRS spectrum, leadinggo a
we report the application of the technique to epitaxial semivalue of 1.12£0.03.
conductor layers. Both phase components of the CR-ESR spectrum are
The experimental arrangement is shown in Fi@).1The  shown in Fig. 2. At the microwave power level available, the
specimen is placed in a rectangular,JEmode 13.7-GHz signals are not saturated. Their intensity is a strong function
resonator with optical transmission in a direction along theof the laser tuning and they are observed only when the laser
specimen growth axis and perpendicular to the field prois close to resonance with thgline. Of note is the linewidth
duced by a superconducting magnet. Liquid helium at 1.7 K2 mT) of the CR-ESR signal, which is sufficiently narrow to
is allowed to enter the resonator, which is excited at a conprovide a precision of-0.0001 in theg value. Expressed in
tinuous microwave power of the order of 100 mW. Radiationenergy units, the linewidth is about 16 meV, very much
from an ultraviolet-pumped Coherent 599 continuous-wavesmaller than the resolution~0.1 meV) typical of standard
dye laser passes through the specimen and is focused on t&&RS spectroscopy.
high-speed InGaAs Schottky photodiode. For the transmitted This high resolution of the experiment reveals that the
laser and coherent Raman radiation to interfighat is, for ~ exactg value is in fact a function of laser wavelength, as
the laser to act as a local oscillatd?) it is necessary to shown in Fig. 3. They value of electrons in shallow states in
excite with circularly polarized light. The resulting 13.7-GHz ZnSe has been analyzed in det@lg. Ref. 15, and refer-
beat signal is detected using a low noise coherent microwavences thereinand is well described by five-barkd p theory.
receiver similar to the “bridge” of a conventional ESR in- It has also been pointed dfitthat changesin the g value
strument and use of a quadrature mixer allows the simultacaused, for example, by strain or quantum confinement can
neous measurement of both the absorptive and dispersivee dealt with by considering only the leading terms that arise
components. Changing the sense of polarization of the lasdrom the three-band theory, which, for the compongntof
from left to right changes the sign of the signal, so thatthe g tensor in the plane of the epilayer, givés

155301-2



HIGH-RESOLUTION OPTICAL DETECTION @& . . . PHYSICAL REVIEW B 65 155301

power, the minimum detectable number of Raman signal
) 1) photons in a given data acquisition period is of the order of
the reciprocal of the photodetector quantum efficiency. Al-

. though this shot-noise limited performance is not quite

where E;,, and Eg, represent the magnitudes of the energy . . -
separations of the conduction band from the light-hole an(aeached in the present experiment, a minimum detectable
the spin-orbit split-off valence bands, respectively, and>aman wave power of the order _Of 19 rr_1W_ can be ex-
whereEp (=24.3 eV)(Ref. 15 is the interband momentum pected with a 0.1 mW Iocal_ oscillatdrThis is syll very
matrix element(in energy units E,, and E., can be ex- much better than can be achlgved even by multlpass_ Fabry-
pressed as functions of the biaxial strain and deformatioff €rot systems. For example, in CdS with1 wm, using
potential constant&!® and lead to the prediction that the value ofae quoted above, it should be possible to detect
dgl /dE,,=3.3 eV L. This is around an order of magni- (3X10") cm™? scattering centers. This value will fall with
tude larger than we observe experimentally and this discrephore laser power or a less absorbing sample. A sensitivity of
ancy is not removed by using five-band theory. Our datathe order of 16° cm 2 centers should be possible before
therefore, present a challenge to current band-structure moghotoreceiver damage occurs.
els. There are several other effects that may introduce a cor- The signals observed in Zn$Eig. 2) represent changes
relation betweerg factor and excitation energfe.g., band in absorbance of the order @fA=4x10"°, which corre-
nonparabolicity, variation of donor species, varying overlapsponds to a ratio of Raman sideband power to the mean
between adjacent donor wave functipasid the determina-  transmitted power of the order of 18°. We estimate that the
tion of the relative Signiﬁcance of these will require further precessing effective Spin parame@ in our experiment iS
study. The essential point is that theactor variation dem-  gimjlar to the CdS experimeA€ and since the other param-
onstrated here would be undetectable by other techniques.qters for ZnSe and CdS can be expected to be similar, an

We now turn to sensitivity considerations. Microwave—_estimate forN of about 18% cm23 is obtained. However,

mducec:_ cohlerelz:ntbRargan tscgttfzrlr:g hasb be%n obseir\_/ed us'cgfs is likely to be an underestimate, possibly by an order of
conventional  —abry-rerot detection by Romestamn - an agnitude, since the exciton linewidth in our particular

co-workers>2 Based on their analysis, one obtains the fol- . Do . .
lowing expression for the sideband pow relative to the specimen is significantly broadenédll width at half maxi-
g exp P mum of about 5 meYby the nonuniform strain that leads to

laser powerP, incident on the detector: : A . :
PowerrF, ncl the spread irg values shown in Fig. 3. This estimate of a

donor concentration in the region of ¥0o 10" cm 3 is
Ps 1(do|\\°N?ojl? consistent with values typical of nominally undoped ZnSe
B, 4ldn) o @ N“L*, (2)  specimens produced by MOVPE.
S

It is also interesting to contrast the sensitivity with that for
conventional ESR. Our specimen volume is approximately
where do/d()) is the SFR scattering cross sectianis the 106 ¢m™3, so that there are of order #B10 spins
wavelength,e; is the optical dielectric constanh is the  present. Conventional ESR instruments are typically quoted
concentration of scattering centers, andgso,/2 is the trans-  as having sensitivitiegat 300 K of 10*? spins fa a 1 mT
verse magnetization generated by the microwaves. INB(g. linewidth and 100 mW of microwave power. Although this
we have assumed that the specimen thickhesssmall. For  improves at low temperatures, possibly by a factor of 100,
CdS excited at 488 nm, which is partly in resonance with thejepending on relaxation times, it is clear that conventional
I, line in that material, and for a specimen with-1 mm  ESR signals at this doping level would be at the limits of
andN=2x10" cm* with saturating microwave power, it instrumental sensitivity. Furthermore, there would be no dif-
was found? that Eq.(2) gave Ps/P_~0.1 (in reasonable ferentiation between the centers that give the rangg\al-
agreement with experimenso thata is about 101 cnm?.  ues seen in Fig. 2 and the linewidth would be at least a factor

Detection of such a large change is well within the scope2 greater.
of a Fabry-Perot system. The problem with epitaxial materi- Further insight into the experiment comes from the semi-
als is, however, the appearance of the fattoim Eq.(2). In  classical picture, in which the magnetization precesses about
our caseL~1 um, immediately requiring a factor of 0 the magnetic field at the Larmor frequency and, at magnetic
increase in detected power sensitivity, which becomes veryesonance, is driven into a di&¥.Circularly polarized light
difficult to achieve with a Fabry-Perot system. The appearincident in the plane of the disk experiences an oscillating
ance of the factoN? imposes further demands, especially if circular dichroism and is thus amplitude modulated at the
the specimen is strained nonuniformly so that the number ofnicrowave frequenc§* Advances in optical detectors and
scattering centers in resonance with a particular wavelengtimicrowave amplifiers now make it possible to detect this
is reduced. modulation.

It is here that the sensitivity of the heterodyne technique To summarize, we have reported the application of optical
becomes vital. The performance of optical heterodyne reheterodyne detection of ESR to a semiconductor and demon-
ceivers for detection of ESR has been discussed by Binghastrated that the technique is sufficiently sensitive for the
et al® The signal is proportional to the amplitude of the Ra-study of epitaxial layers. The linewidths are those expected
man field multiplied by the amplitude of the unshifted laserin conventional ESR and both the real and imaginary phases
field (i.e., the local oscillator At sufficiently high laser of the signal can be detected. Here we have demonstrated the
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approach by studying electrons trapped at donors in a simpligon energy, thus providing information that presents new
epitaxial layer of ZnSe. In a separate experiment, we havehallenges to existing theories.

also_found that the measurements can be carried out in re- \we are grateful to the Engineering and Physical Sciences
flection geometry, which obviates the need to remove subresearch Council for support of this wot&rant No. GR/
strates. The technique should, therefore, be widely applicablg199453 and to A. J. Thomson of the University of East
to more complicated heterostructures. The optical selectivita\nglia and R. T. Harley and A. C. Tropper of Southampton
enables the values to be correlated with the optical transi- University for the loan of equipment.
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