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Electron spin resonance on a two-dimensional electron gas
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Electron-spin-resonancdESR data obtained from modulation-doped Sj/SiC, heterostructures are re-
ported. The observed signals show that the small number of electron spins in these two-dimensional structures
is still sufficient to detect ESR directly, and we have strong indications that the prominent line in the spectra
is due to conduction electrons confined in the_§C, layers, forming a two-dimensional electron gas. We
compare our results to the case of confined electrons in IlI-V heterostructures and quantum wells, where only
indirectly detected ESR experiments have been reported spSat63-182807)50732-6

. INTRODUCTION lI-V systems like GaAs/Ggl;_,As and address the spe-
cific problems for direct ESR in these systems.
Two-dimensional electron ga@DEG systems are of
great interest in semiconductor physics and in technology.
The confinement of the electrons in one dimension leads to Il. REVIEW OF EXPERIMENTS IN 2DEG's
interesting quantization effects and can be used for the con-
struction of highly efficient electronic and optoelectronic de- The main obstacle to ESR experiments in typical 2D
vices. samples is the rather low number of spins. These sensitivity
Direct electron-spin-resonanc&SR) investigations of  problems were overcome by using optical detection methods
the quantized electrons are complementary to transport metifier ESR, known from work on bulk semiconductors. The
ods and optical experiments. ESR experiments probe directlgxperimental methods are reviewed in Ref. 6. In Ref. 7 the
the equilibrium distribution as well as the chemical environ-optical detection method was extended to the detection of
ment of the electrons. Both static propertiesy., intensity as ESR in GaAs/G@l,_,As heterostructures. The ESR line of
a quantitative measure of the electron densityd dynamic  the conduction electrons had a width-e80 mT (full width
properties(e.qg., spin relaxationare accessible. The method at half maximun. A drawback consists in the fact that the
requires only moderate magnetic fields and the experimentgiethod is more or less restricted to direct semiconductors.
can be performed in semiconductors with direct and indireck,rthermore, the method works best withtype material,
band gap. Since in two-dimensional electron gases the highlyince the total electron spin polarization in the conduction

conducting layers are very thin, the problems with the skin,,q j5 essential and only optically excited electrons are spin
effect usually encountered in ESR experiments on conductF-)Olarized in excess to the thermal polarization

Ing sam_ples sh.oulc.i be small or absent. Electrical detection via resonant changes in the quantum
In this contribution we present results on a 2D eIectronHa” transport behavior was successfully used to detect the
system, where layers of £i,C, (the carbon concentration ESR(Ref. 8 and even NMR due to the spin splitting of the

y is in the 0.005-0.04 rang@re grown by molecular-beam Landau level : din th A
epitaxy(MBE) between Si buffer layers and form a quantum andau 'evels, spin gaps are opened In the energy spectrum
with vanishing conductivity if the Fermi energy is located in

well for the electrons:* The Sj_,C, material system has _ o - >
become available only recertfy? and it is particularly suited such a gap. Under this condition, spin-flip transitions lead to

for direct ESR investigations, as shown in this contribution.2 relatively strong photoconductive signal.
By direct ESR we mean detection of the absorption via mag- Diréct ESR detection in a dedicated resonator was re-
netic dipole transitions in a conventional continuous-wavePorted on a 2D inversion layer in a Si metal-oxide-
ESR spectrometer. Si/§i,C, is not just an interesting sys- semiconductor field-effect transistor structditéiowever, in
tem for doing direct ESR experiments but also a very promaddition to being experimentally quite difficult, these results
ising material for various electronic quantum device applicawere heavily disputed afterwards!*In a detection scheme
tions. Especially important aspects are its good compatibilitwia spin-dependent transpdftresonant changes in the con-
with standard Si-based VLSI technology and its good chemiductivity of a 2DEG in a 2D Si inversion layer due to spin-
cal and thermal stability. dependent scattering on neutral impurities were measured.
Before we proceed to our experimental results we will The most popular 2DEG’s are made from the Ill-V sys-
give a short review of indirect ESR investigations in thetems. A major obstacle for direct ESR on these 2DEG's is
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FIG. 1. Modulation-doped Si/$i,C, multi-quantum-well
sample used in most experimerigample 3.

sl 4
02 WMWMWMWWVWWW 2
the hyperfine interaction of the electrons with the nuclei: In AN s ——
these materials, there are NMR-active nuclei with appre- 08 =t =t ""033 0310 0034
ciable magnetic moments and high natural abunddecg, Magnetic Field (T)

31p, "8As, ?7Al, %9Ga, *Ga, *9n). Furthermore, there is a
rather strong hyperfine interaction between electrons and nu- FIG. 2. ESR spectra of 2DEG samples and reference samples.
clei, due to the higtZ. The resulting hyperfine splitting al- Sample 3, 10 quantum wells, see Fig. 1; Sample 2, single quantum
ready leads to an inhomogeneous line broadening on the Ofjell: Sample 4, 30 quantum wells, no doping: Sample 1, doping
der of 20 mT(see, e.g., Ref.)7 The situation is aggravated |5yer no quantum well.

by dynamic polarization effects of the nuclei: At low tem-

peraturegwhere one has the best thermal polarization of thgype.| quantum well is formed in the $i,C, layer. While
electrons, the nuclear relaxation times in 1ll-V semiconduc- the potential well for the holes is quite shallow, the electron

tors are very longseveral minutes or even holrdJpon  pang offset is of the order of 50 meV for every percent of C
excitation of electrons, polarization transfer to the nuclearanoyed into the St

system sets in and dynamically polarizes the nufidihe Presently there is still no reliable protocol for making
field produced by the polarized nuclei is of the order of S€V-good Ohmic contacts to Si/Si,C, 2DEG’s and the electron
eral 100 mT. Therefore, the position of the line will be yqpjjities achieved so far are not yet optifiaContactless
shifted drastically during the buildup of the nuclear polariza-characterization methods such as ESR are useful in this case.
tion. Furthermore, the efficiency of the magnetization trans- e sample used in our investigation is depicted in Fig. 1.
fer (or of the nuclear relaxations often different at different e quantum well is formed in the 6-nm-thickoSiCo o1
points in the sample. This leads to a further inhomogenougecion, sandwiched between two 3-nm Si buffer layers. The
broadening of the linewidth. Even when suppressing thesgactrons are supplied by the Si:P layers doped with P (4
nuclear polarization phenomena by NMR saturation of the, 18 o3 doping concentration, 6 nm thigkThis modu-
nuclei, one still is left with the inhomogeneous broadening|ation doped structure is repeated 10 times in our sample 3
due to the hyperfine interaction. , and capped with a Si protection layer. In addition, we inves-
Another problem is that thg factors in some IlIl-V - ma-  jigateq several control samples: the pure substrate, the sub-
terials (e.g., g=—0.44 in GaAs andg=—51 in InSH aré  gyrate with MBE-grown Si epilayer, a nominally undoped
outside the field range of standard ESR spectrometers. Fugi/Sil_yCy multiple-quantum-well sample with 30 layers

thermore, the large deviations from the free-electydactor (sample 4 and a Si epilayer with the same doping as one of
of 2.002 319 in these semiconductors depend on the bangl,, opeg samples, but without the SifSi,C, quantum-
gap, on the spin-orbit coupling, and on the crystal structureyq| layer (sample 1. In addition, a sample \);vith a single
Fluctuations of theg factor occur in heterointerface$ g quantum well and a similar doping concentratisample 2
strain”). This effect will further increase the linewidth and ;55 investigated, but the signal/noise ratio was much lower
therefore decrease the sensitivity in ESR experiments. than in sample 3.
The experiments were performed with a Brukéiband
lIl. EXPERIMENTAL RESULTS AND DISCUSSION spectrometerf9.34 GH2 using a standard rectangular reso-
nator (TE102 mode, Bruker ER4102%&nd a helium-flow
In Si;_,C, heterostructures and quantum wells at leastcryostat(Oxford 900. Microwave power up to 100 mW was
some of the problems for direct ESR are not present: Thevailable, and the temperature range was 300 K down to 5 K.
natural abundance of nuclei with nuclear spin is I#S{,  The results of the measurements at Bafiere the sensitivity
4.67%, °C, 1.11% and the hyperfine interaction is small is the highestare depicted in Fig. 2. One can clearly see
(low Z). Due to the rather small spin-orbit interaction of the from the results of the multiple-quantum-well sam(@gand
electrons in Si, thg factor of the conduction electrons in Si of the single-quantum-well samp{@) that there is a narrow
and in Si_,C, is near the free-electron value. Thus, there is(~0.23 mT half-width at half maximupmine with Lorentz-
no expected broadening duedostrain. ian line shape in the samples with both doping layers and
Si/Si;_yC, heterostructures containing 2DEG’s have Si/Si,_,C, layers. As usual in ESR spectroscopy, the mea-
been successfully manufactured by MBE growth techniquesurements are presented as the first derivative of the signal.
only recently*?° Due to strong tensile biaxial strain in the In all the other samples such a signal is not observed. This is
Si;—yC, layers (typical C content between 1% and 3%  a first indication that the narrow line belongs to the 2DEG.
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Theg factor of 1.999.30.0001[cal'ibrate.d to the conduction 10 30K 30K B0k ok P
electrong factor of Li metal particles in LiHRef. 18] is o measurement o
near the values obtained for conduction electrons &’ Fit: sum of 2DEG and Curie
X ) i ; . 08 | . 2DEG
A closer inspection of the observed lines in the various ——— Curie _

samples reveals several other details: one can obtain a bette2

fit to the single line signal by including an additional weak, é 06 |
broader(=~0.3 mT) line at a slightly lowerg factor. The =
separation of the two signals is onty0.1 mT and thus be- 2
low the linewidth. At low doping concentrations and at low £ 04}
temperatures, one can observe satellite linestatl mT §

symmetrical to the main line, due to the hyperfine interaction
at the 3P (spectra are not shown in Fig).2These satellite
lines suggest that not all P donors are ionized under these
conditions (ionization energy of P in Si: 45 meaV From o , ) , ,
various ESR studies in P-doped(See, e.g., Ref. 16 and the 0.00 0.05 0.10 0.15 0.20
references therejnit is known that theg factors of the do- 1Temperature (1/K)
nors are very close to those of the free conduction electrons.
A reliable separation on the field axis is not possible at the FIG. 3. Intensity of the ESR signéample 3 versus 1I. Solid
signal/noise ratio and linewidth conditions in our experi-line: fit to the data according to E3). The individual Pauli-type
ments at 9.34 GHz. (dotted and Curie-type(dashedl contributions are shown sepa-
In order to further clarify the origin of the main ESR line, rately:

we measured its temperature and saturation behavior. The

most important results are the following. The intensity versu$iNce only the two valleys in the growth direction are lowest

temperature corresponds only very roughly to a Curie law}" _ €N€rgy. 'I:qe Egrresponding density of states is
.587x10'" eV 1cm 2 The density of donor atoms is 2.4

and a closer look reveals systematic deviations. In Fig. 3 we 1 5 k Aot
plot the ESR intensityobtained via a careful fitting proce- <107 ¢m~“ and if all the donors are ionized and occupy
dure of the line to a Lorentziarversus IT. A Curie-type the gquantum well, a Fermi energy of 15.12 meV would re-

behavior would be expected for isolated electr@ng., elec- sult. o
trons on the P donorsor for electrons with only a small _1he magnetization of the 2D electrofend thus the ESR
exchange interaction. The intensity would scale with i~ INtensity can be calculated under the assumptions
this case. On the other hand, for a Fermi system with a hig§#sB<Er and gugB<kT, where ug is the Bohr magne-
Fermi energyEr>kT we expect a constant intensity inde- 10N, B the external magnetic field, akdthe Boltzmann con-
pendent ofT (Pauli susceptibility. stant. Both conditions are satisfied in our case, sindg-~at

The data in Fig. 3 can be quantitatively explained by a0-3> T we havegugB=40.6 ueV, which is small compared
linear superposition of the contribution of a Fermi system!© Er and KT even at low temperatures. However, due to the
with a rather low Fermi energgs meV to 10 meV and a rather low Fermi energy, the temperature variation of the
Curie contribution. In addition, we include a temperature-magnetization is noticeable at higher temperatures and has to

dependent density of the electrons in the quantum well. Th&€ taken into account.
Pauli part of the susceptibility is due to the electrons in the We proceed by calculating the temperature dependence of

0.2

quantum well. The density of states for 2D electrons isthe electrochemical potentia(T):
n(E)=M,m*/(m7%2), if only the lowest subband in the

Er
lent valleys of the conduction-band minima. The Fermi u(T)=KTIn eXF{k—T
energy Eg is proportional to the density ,5 with

guantum well is occupiedM, is the number of equiva-
Er=(mh2n,p)/(M,m*). We usem* =0.19m, andM,=2,  and then solving for the magnetization,

- 1}, ey

M (T):—Mxm*( )F ! - ! dE 2
20l )=z Gme) | E— u(T)—gugB/2 E—u(T)+gugBl2) |°F
1+ex KT 1+ex KT

The solution of Eq(2) is:

*

M,m
Mop(T)= W(gﬂs) kTIn

Er —gusB
exr{ﬁ —1+exr{ KT ”

Er gusB
exp{H) — 1+€‘X[<W

—kTIn

+9MBB]- 3)
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" ——— " 0.21 mT at 40 K, followed by a steep increase for tempera-
oss b -, 1 ] tures above 40 K. Above 150 K, the ESR line is no longer
e | % ; resolved due to both the line broadening and the decrease in
050 F5 . intensity. Theg factor shows a small but systematic mono-
o T oo o o ] tonic decrease with temperature. We note that the variation
£ 04T 1900t * e aaer ] of the linewidth with the temperature could be explained by
% 040 b 19080 o0 s * | the combined influence of motional narrowing and the spin
H 0 20 40 Tz?npersaciur;?% 120 140 160 o @ flips by phonons at higher temperature. The temperature
5 035 f ° * ] variation of theg factor could result from the temperature
. dependence of the band gap, but no quantitative model is
0.30 | * ] available at present to our knowledge. Up to power levels of
025 | o 100 mW we have seen no indication of saturation effects
. [ b . . . . . . . .
\.““ either in the mtens!ty or in the Imewdth. This could be ex-
had pected for conduction electrons with ~T,.

0.20
0
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IV. CONCLUSION
FIG. 4. Temperature dependence of théactor and the line-

width (sample 3. In conclusion, we have presented ESR results from
Si/Si, _,C, samples, which can be interpreted as resulting in

The solid line in Fig. 3 is a fit to the data points of a linear part from the electrons in the quantum well. These results
superposition oM ,(T) from Eq. (3) and a Curie-type be- show that there is no inherent sensitivity problem for ESR
havior «1/T. Both individual contributions are shown in Fig. experiments on 2DEG'’s, provided that the linewidth is suf-
3 and we arrive at &g=(10+3) meV from the fit of the ficiently narrow. Similar investigations can be envisaged for
intensity versusT. This is consistent with the result we ex- suitable systems such as II-VI semiconductors, where the
pect from the density of electrons: with the calculated Fermnatural abundance of nuclei with magnetic moments is low
energy of 15.12 meV from the donor density, we concludeas well. Our experiments show that with quantitative relative
that (66=-20)% of the electrons are in the quantum well at values for the intensity versus one can use ESR to distin-
low temperatures. A consistent conclusion can be drawguish between different contributions of the magnetization
from the individual contribution8p,, i/ Ncyrie- If We interpret  and thus single out the 2DEG part. Since the method requires
the Pauli contribution as arising from the electrons in theno contacts, it could allow a rapid characterization of such
quantum well and the Curie contribution as arising fromsamples. Extensions to higher frequeri8$ GHz, 94 GHz
electrons localized at the donor atoms, we conclude quantire under way and should help to disentangle the different
tatively that about 90% of the electrons are in the quantummagnetization contributions by thegrfactor differences.
well at low temperatures. Considering the experimental error
of ~30% in the determination d from the intensity data,
this agreement is good.

We have measured the linewidth and theactor as a We thank T. Ruf for critical reading of the manuscript.
function of temperature, and the results are depicted in FigC.W. acknowledges financial support from “Schwerpunkt
4. The linewidth slightly decreases from 0.25 mT at 4.2 K toMagnetische Resonanz in Metallclustern.”
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