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Spin resonance of inversion-layer electrons in silicon
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Conduction-electron spin resonance at a silicon —silicon-dioxide inversion layer is reported in the
thermally activated conduction regime. The sample consisted of a microstrip patch resonator and gate
with contacts to the inversion layer in a van der Pauw arrangement. The major results include the ab-
sence of measurable anisotropy in the Lande splitting factor and low-temperature saturation of the sus-

ceptibility of activated carriers. Since Hall-eA'ect measurements suggest that the sample is inhomogene-
ous, the results must be viewed as preliminary, however.

Spin-dependent effects in silicon —silicon-dioxide inver-
sion layers and other two-dimensional systems have been
studied in the past by conductivity measurements, '

Shubnikov —de Haas oscillation, cyclotron resonance,
and optical methods. Localized interface defect states
have been studied by direct detection of absorbed mi-
crowave power during electron-spin resonance (ESR), but
only in relatively large-area samples (18 cm ).

This work reports direct detection of conduction-
electron-spin resonance (CESR) in silicon —silicon-dioxide
inversion layers in samples of much smaller areas
(0.05 —0.5 cm ) than previously possible. Use of micro-
strip resonators gives higher sensitivity than conventional
ESR techniques while using smaller samples and allowing
a natural way to "gate" the device. Inclusion of ion-
implanted van der Pauw contacts provides for conduc-
tivity, Hall-eA'ect, and Shubnikov —de Haas measurements
at the same time as ESR measurements. Observation of
the CESR reported here is preliminary, and no definitive
model can be presented.

Use of the microstrip resonator and accompanying in-
strumentation is described elsewhere. The samples con-
sisted of 0.04-cm-thick, [100] fioat-zone silicon wafers bo-
ron doped to 5X10' cm . The wafers were oxidized in
HC1 at about 1000'C to an oxide thickness of 2SO A.
Capacitance-voltage profiling using the "high-
frequency —low-frequency" method determined the
interface-state density, oxide fixed charge, and hatband
voltage (see Table I). A large-area field-eff'ect transistor
(FET) with a square gate and resonator was then fabricat-
ed with four ion-implanted Ohmic contacts to the inter-

Interface states
(cm-'ev-')

1.9X10"

I. INTRODUCTION face which could be used for van der Pauw measurements
of the conductivity and Hall constant. These contacts
were situated at the microwave voltage node on each side
of the gate and resonator. Spreading resistance associat-
ed with the contacts was about 6 times the surface resis-
tance of the inversion layer. The dimensions of the mi-
crostrip resonator and gate were 6.83X6.83 mm; the
resonant frequency was 9.3 HGz and the loaded Q value
was about 1100. An outline of the sample processing is
indicated in the Appendix.

Within the cryostat the sample was oriented such that
a line passing from corner to corner of the square resona-
tor was vertical. The magnetic field was oriented in the
horizontal plane and could be rotated from perpendicular
to the sample plane to parallel. A wedge-bonded wire at
the center of the aluminum resonator and gate provided
the dc contact necessary for gating the interface.

Spectrometer sensitivity was calibrated using a small
known frequency modulation of the klystron. The silicon
microstrip resonator at the doping density mentioned
above is useful only below about 24 K since the conduc-
tivity of the silicon rapidly increases at higher tempera-
tures, causing excessive loading of the resonator. As a re-

II. KXPKRIMKNTAL PRQCKDURKS suit of the aluminum dc contacts being laid out directly
on the surface of the silicon wafer, the metal-oxide-
semiconductor FET (MOSFET) device could not be used
at higher temperatures because the conductivity of the
substrate interfered with the measurement of inversion-
layer conductivity.

Pumping the helium bath gave the lowest temperature
obtainable of 2 K. Only slight retuning of the cavity was
required with change of temperature or gate voltage over
the experimental range. No phase shift in the CESR line
was observed with change of temperature or gate voltage.
Thermometry was provided by a germanium thermome-
ter mounted on the waveguide containing the sample.

Absorption CESR was detected with derivative record-
ing, being careful not to broaden the line by overmodula-

TABLE I. Quantities derived from capacitance-voltage profiling. tion Si nal avera in of from 4 to 32
Oxide charge Flatband voltage sary to obtain sufficient signal to noise. Dispersion CESR
(charges/cm ) (V) signals were not detected because of the FM noise of the

klystron. CESR signals detected with the magnetic field
& 1x10"

parallel to the wafer suAer a signal loss of a factor of 2

12 964 1991 The American Physical Society



SPIN RESONANCE OF INVERSION-LAYER ELECTRONS IN SILICON 12 965

compared to the signal with the magnetic field perpendic-
ular to the wafer as a result of the xnicrowave resonant
mode used; xnost data were taken with the field perpen-
dicular to the wafer. Proton NMR in water provided field
calibration. A wafer heavily ion implanted with phos-
phorus provided corifirmation of the NMR probe calibra-
tion. No saturation of the CESR was noted at the power
level employed ( =0.5 mW) for susceptibility, width, and
g-factor measurements. Higher-power measurements
(H& =2 G) were made to characterize the saturation be-
havior of the CESR.

III. RKSUI.TS

The sample was characterized by conventional electri-
cal measurements in addition to the basic CESR experi-
ment. The voltage xneasured in zero magnetic field be-
tween the Hall probes was about 25%%uo of the longitudinal
value. This is much too high a value given the high sym-
metry of the sample. Fowler, Fang, and Hochberg mea-
sured the Hall constant on a van der Pauw sample of
area 2X10 mm and reported that at low inversion-
layer charge the samples very often showed large asym-
metry. They concluded that such samples were spatially
inhomogeneous. Unfortunately, Shubnikov —de Haas
xneasurements were not made on the present sample; if
oscillations had been noted, it would have been evident
that there exist some regions of high mobility. Assuming
the present sample is inhomogeneous, results of conduc-
tivity and Hall measurements must be interpreted care-
fully.

Conductivity as measured in the van der Pauw
geometry showed activated behavior at all accessible gate
biases. The maximum voltage which could be applied to
the gate of the sample was about +0.55 V as a result of
electrical breakdown of the oxide. This was not sufhcient
to obtain enough interface charge for metallic conductivi-
ty, although the activation energy at +0.55 eV is nearly
zero. At 4.2 K the conductivity was not yet linear with
gate voltage over the experimental range, and the con-
duction threshold was about +0.35 V.

Use of the oxide capacitance and hatband voltage ob-
tained in room-temperature capacitance-voltage profiles,
—1.1 V, gives a number density of interface charge of
1.3X10' cm at +0.55 V gate bias. For the bulk dop-
ing density quoted above, the depletion layer charge is
1X10" cm and the interface-state density is about
1X 10" cm eV '. The free charge at low temperature
could then be expected to be 1.1X10' cm, assuxning
that all the interface states are filled and localized, which
should be sufFicient for metallic conduction.
Capacitance-voltage profiling of the interface-state densi-
ty is insensitive to fast traps near the conduction band,
however. Fang and Fowler found a large density of trap
states ( =10' cm ) near the conduction band for some
oxide growth and anneal conditions. These same workers
also observed large positive threshold voltage shifts below
77 K, similar to shifts measured in the present sample,
which they explained by assuming that the trap states
near the conduction band must be filled. The results of
the electrical measurements in the present case indicate a
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FIG. 1. Lande splitting factor g, relative to the conduction-
band value, vs temperature as a function of gate voltage. The
zero of this plot is g =1.9988+0.0001. All data are for a mag-
netic field perpendicular to the wafer. The error bar shows the
typical error in each point relative to the mean. In all graphs
lines are guides to the eye. The inset is a CESR signal taken at
T= 8 K, gate bias = 0.55 V, and averaged over 16 sweeps.

sample with substantial inhomogeneity and with a high
density of traps near the conduction-band edge, which,
together with the limited breakdown strength of the
large-area oxide, prevented unambiguous measurement in
the metallic regime.

The inset to Fig. 1 is a representative CESR signal tak-
en at a temperature of 8 K and a gate voltage of 0.55 V.
The CESR was characterized over a temperature range of
2—20 K and for gate potentials from 0.0 to +0.55 V. No
anisotropy of the Lande splitting factor g was observed
for difFerent orientations of the magnetic-field direction
under any experimental condition to within +0.0004.
All measurements of g were, within experimental pre-
cision, equal to the conduction-electron value observed in
the heavily phosphous-doped sample g = 1.9988, al-
though there are small changes with temperature and
gate voltage. The error in the absolute determination of g
is +0.0004. Figure 1 shows relative g-factor measure-
ments, uncertain to +0.0001, under dift'erent sample con-
ditions. The g factor is seen to increase with decreasing
temperature and increasing gate voltage, although most
of the change with gate voltage is between 0.0 and 0.35 V.

This lack of anisotropy to the g factor is a surprising
result. At the interface-charge densities encountered in
this work ( (2X 10' cm ), all electrons occupy two of
the six conduction-band valleys in an inversion layer.
The evidence for this is varied and convincing. Since the
orbital angular momentum is anisotropic for a single val-
ley, the spin-orbit coupling should produce an anisotrop-
ic Lande splitting factor g. ' Wilson and Feher" xnea-
sured this anisotropy in bulk silicon by applying stress
and found that

g~~
—g~=1.04X10 ', where

g~~
refers to

the long-valley axis. It is expected then that the CESR of
the inversion layer would show g anisotropy as the mag-
netic field is rotated between being parallel and perpen-
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trorneter drift was only about 0.8, and so this is only an
order-of-magnitude estimate. Although detection of the
dispersion signal was difficult because of the klystron fre-
quency noise, when detected it had about the same ampli-
tude as the absorption signal. All of the detected CESR
lines appeared to be pure Lorentzian to within experi-
mental accuracy. These results suggest that the line is
homogeneously broadened.

IV. DISCUSSION

Several pieces of evidence support the identification of
the line detected in the present experiment with the
CESR of inversion-layer charge. At low temperature lo-
calized defects in silicon and silicon dioxide have very
iong longitudinal relaxation times and consequently show
heavy saturation effects and would only be detectable un-
der present experimental conditions in the dispersion
phase of the spectrometer. Thermal radiation from
room-temperature sources was excluded from the sample
holder since it might shorten relaxation times. Since the
detected line is close to homogeneously broadened, its
source is probably not localized defects. Finally, most lo-
calized states in silicon have g s greater than 2. For in-
stance, the g value of the I'b interface state is
2.0012—2.0081 (Ref. 13) and is outside of the experimen-
tal error for the present measured g. Since the g factor is
close to the value expected for conduction electrons in sil-
icon, the g factor also suggests that the ESR is from
itinerant states.

The implanted arsenic n+-type contacts to the inver-
sion layer used for conductivity measurements might
show a homogeneously broadened line, but the width
would be much larger ( ) 10 G) than the measured
width. ' Also, samples made without contacts, but
cooled with the gate shorted to the substrate, show the
same signal as obtained from samples fabricated with
contacts at 0 V gate bias. Calculation also implies that
the signal from the implanted contacts would be too
small to detect.

ESR from sources at the interface of the aluminum
back plane with the silicon is excluded by the absence of
signal in samples fabricated without an oxide layer.

Finally, the dependence of the ESR on the interface
electric field implies that the signal originates there. In
Figs. 2(b) and 3, it is seen that the ESR signal begins to
change rapidly at gate voltages above about +0.35 V, the
threshold voltage deduced from the conductivity mea-
surements at 4.2 K. As mentioned above, when cooled
with a gate bias of —1.0 V, at which bias the charge at
the interface should be close to zero, no signal is detected.

No explanation of the isotropic g factor in this system
can be presented at this point beyond the suggestion that
localization produces strong mixing of all six
conduction-band minima. Lack of anisotropy in the g
factor would seem to be strong evidence that the ESR sig-
nal detected is not from conduction electrons in an inver-
sion layer, but it is difficult to explain the data any other
way.

The small magnitude of the sat ~ration susceptibility is
probably best explained by recourse to the spatial inho-
mogeneity of the sample; the detected CESR signal
comes from only a fraction of the sample interface area.
If the CESR signal originates in regions of activated con-
ductivity, then any model must explain simultaneously a
saturating susceptibility and activated conductivity. In
regions of metallic conductivity, the susceptibility would
saturate at the Pauli value, but in regions of activated
conductivity at zero temperature there are no carriers
and the saturation must have another explanation. It is
not known whether regions of metallic conductivity exist
in the present sample, but if they did, it would be even
more surprising if CESR of these regions showed no g an-
isotropy. Recourse to localization would be less plausible
in these regions. Because the conductivity is activated
and the g is isotropic, the tentative conclusion is that the
CESR originates in regions of activated conductivity and
not pockets of metallic conductivity.

Some insight into the possibility of activated conduc-
tion with a saturating susceptibility can be had by analo-

gy to the bulk-silicon case just below the metal-insulator
transition. In bulk silicon in the vicinity of the metal-
insulator transition, no saturation of the susceptibility is
seen at low temperature. ' In the model of Bhatt and
Lee' this is a result of a very broad distribution of
nearest-neighbor antiferromagnetic exchange interactions
arising from the random distribution of donors.

If, on the other hand, there is an upper limit to the
strength of the exchange, then for a temperature above
this limit the system will exhibit Curie-Weiss susceptibili-
ty. In this case the susceptibility saturates as the Neel
temperature is approached, while the conductivity
remains activated.

Width-versus-temperature data may also be compared
with the results of spin resonance in n-type silicon doped
below the metal-insulator transition. In the bulk case an
increase in relaxation rate is seen at low temperature'
qualitatively similar to what is seen in the present work.
Important differences between the bulk and inversion-
layer cases include the small density of (acceptor) impuri-
ties and a much smaller Fermi temperature at the metal-
insulator transition in the inversion layer.

V. CONCLUSION

The conduction-electron-spin resonance of inversion-
layer charge has been detected, but no g anisotropy was
observed. The suggestion was made that localization
produces strong mixing of all six conduction valleys, re-
sulting in an isotropic g factor. Because of spatial inho-
mogeneity in the sample, it was not possible to determine
unambiguously interface-charge density and mobility.
Also, the breakdown field of the oxide layer was too small
to allow biasing the inversion layer into the metallic re-
gime. Both of these difficulties are an indirect result of
the relatively large area of. the gated region. Tentative
conclusions are that the detected spin resonance is from
thermally activated carriers and that the susceptibility of
these carriers is saturating at low temperature.
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APPENDIX:
VAN DER PAUW SAMPLE FABRICATION

I. Oxidation of wafer: (a) Grow 250 A of oxide in HCl
tube on two wafers at approximately 1000'C; (b) check
oxide thickness with ellipsometer; and (c) obtain C-V
proNe of test wafer to verify low fixed oxide charge
( = 10" cm ), low interface-state density ( ( 10"
cm eV '), and fiatband voltage (= —1.1 V).

II. Implant-mask fabrication: (a) Thermally deposit
=1 pm of aluminum onto sample wafer and (b) pattern
holes in aluminum mask for implanted contacts.

III. Implantation of arsenic: (a) Implant arsenic at 90
keV at a dose of 1X10' cm and (b) strip off alumi-
num implant mask.

IV. Implant anneal: (a) Clean wafer for activation an-
neal using ammonium hydroxide, hydrogen peroxide, and
weak hydrogen fiuoride. (Note that oxide is only 250 A
thick so that care must be taken not to overetch with the
hydrogen fiuoride. ) (b) Anneal at 950'C for 60 min in ni-

trogen ambient. (Peak density is then 1 X 10 cm with
a depth of about 1500 A. This temperature and time give
100% activation and a surface resistance of =67 0/Q.
Ellipsometry after cleaning and annealing shows a loss of
about 20 A of oxide as a result of cleaning. )

V. Patterning of the resonator: (a) Thermally evapo-
rate approximately 2 pm of aluminum on top of wafer
(deposition rate was about 100 As ') and (b) etch reso-
nator metallization in a phosphoric acid —acetic-
acid —nitric-acid solution at 50'C (pattern includes C-V
profiling dots).

VI. Removal of oxide around resonator: (a) Dab pho-
toresist onto C-V dots in order to retain oxide around
them and bake and etch oxide off in 6:1 buffered HF us-
ing aluminum and applied photoresist as mask (thickness
of aluminum metallization after etching of oxide around
resonator is about 1.3 pm).

VII. Patterning of the source contacts: (a) Thermally
evaporate 2000 A of aluminum into sample (at a RRR
value of 40, this gives a surface resistivity of = 1 Q/CI for
the dc aluminum traces) and (b) pattern and etch contact
traces.

VIII. Ground-plane metallization: (a) Thermally
evaporate =2 pm of aluminum onto back, again at about
100 A s ', and (b) anneal sample at 400'C for 10 min in
rapid thermal annealer in a 10% hydrogen ambient.

IX. Dicing the wafer.
X. Checking the C-V on dots on resonator wafer to

verify that processing did not affect the interface.
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