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Abstract. Spin-dependent photoconductivity is observed in (100) silicon films
grown on sapphire by CVD and MBE. The CVD films are either in their as-grown
state or have undergone single or double solid-phase epitaxial regrowth. For all
samples a resonant decrease in photoconductivity is observed at a field of about
0.34 T for a microwave frequency of about 9.6 GHz and at about 3.3 mT when the
frequency is about 92 MHz. The fractional change in photoconductivity at
resonance is measured as a function of the magnetic field strength, microwave or
radiofrequency power, temperature, light intensity and sample voltage. The results
are interpreted in terms of a quantum mechanical treatment of the pair model of
Kaplan, Solomon and Mott and values are extracted for the spin relaxation time,
pair dissociation rate and singlet recombination rate. In some samples a resonant
change in dark conductivity is also observed and interpreted.

1. Introduction

The first aim of this work is to use the technique of

n paramagnetic resonance (EPR) is a powerful
technique for obtaining information about the nature of
paramagnetic defects and in view of the interest in
identifying and removing the defects in the silicon film of
silicon-on-sapphire (SOS) it is surprising that there is, to

our knowledee no muhlished paper on EPR measurements
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of defects in SOS. The reason for this is probably either
that there are too few paramagnetic defects present in the
Si film for any signal to be seen or that strong signals
from impurities in the sapphire completely obscure the
much weaker ones from the defects in the film. There is,
however, a magnetic resonance technique called electrically
detected EPR (EDEPR) which not only is more sensitive
than EPR but is also more selective as it detects only
those defects which affect the electrical conductivity of the
sample. The essence of this technique, one of the first
reports of which is by Lepine [1], is to detect the resonant
change in this conductivity which occurs when magnetic
resonance is induced in the usual way. In nearly all cases
this resonant change is associated with a resonant change in
the recombination rate of excess electrons and holes which
must be optically or, in the case of rectifying junctions,
electrically injected. In such cases the effect is also known
as spin-dependent recombination (SDR) and when optical
injection is involved, as spin-dependent photoconductivity
(SDPC).
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EDEPR to identify some of the recombination centres in the
silicon film or at its interfaces for a variety of SOS samples.
These samples either had the Si film grown by chemical
vapour deposition (CVD) and were in their as-grown state
or had undergone solid-phase epitaxial regrowth (SPEG),
double solid-phase epitaxial regrowth (DSPEG) or were
grown by molecuiar beam epitaxy (MBE) to three different
thicknesses. We wished to determine whether or not these
centres are the same in all samples and to see the effect of
changing the growth process.

The second aim is to investigate the mechanism
of the EDEPR. In the few cases where the necessary
measurements have been made [2-6] it has been found
that the magnitude of the EDEPR signal is approximately
independent of the magnitude of the magnetic field at
which the resonance occurs. This was first explained
by the model (KSM) proposed by Kaplan ef af [2], in
which recombination of excess carriers takes place via an
intermediate pair state having an electron and hole close
together. L'vov et al [4] developed a quantum mechanical
treatment of the KSM model which also takes account of
spin relaxation. More recently Rong et al [7] proposed that
in Si p—n diodes at room temperature the pair consists of
an electron (or hole) trapped in a shallow excited state of
& recombination centre. We wish to test these models by

investigating the dependence of the resonance signal on the
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Table 1. The labels and characteristics of the SOS
wafers.

Si film

Growth  Extra thickness  Conductivity
Label method treatment (um) {s2cm™)
Al None 0.03
A2 None 3700
81 SPEG 1600
s2 CVvD SPEG 0.285 1800
133 DSPEG 0.04
D2 DSPEG 0.03
D3 DSPE 1700
M1 None 0.5 0.1
M2 } MBE None 0.3 0.03
M3 None 0.15 0.003

magnetic field at resonance, microwave or radiofrequency
power, temperature, light intensity and sample voltage.

2. Sample preparation, structure and I-V
characteristics

Table 1 lists the wafers studied in this work. In several
cases more than one sample from a given wafer was studied
but as the results for such samples are similar we just label
them with the symbol of the wafer from which they came.
All wafers consist of (100) silicon on (1012) sapphire. The
CVD SOS 3" wafers were obtained from Union Carbide
in their as-grown state. S1, §2, D1, D2 and D3 were
then implanted at room temperature with 8 x 10" ¢cm~2 of
185 keV Si* ions to amorphize all but a thin surface region
of the silicon film. The film was then epitaxially regrown
by annealing the wafer in nitrogen at 900°C for 20 s to
complete the SPEG process for S1 and $2. The samples DI,
D2 and D3 undergoing the DSPEG process were given a
further implant at room temperature of 2x 10'* ¢cm™2 of 100
keV Si ions in order to amorphize the surface layer which
was then regrown by annealing the wafer under the same
conditions as those above. Contact regicns, 3 mm x 3 mm
square, were then formed by implanting these areas with
2 x 10" cm™? of 30 keV B* and annealing in argon at
900°C for 30 min to form heavily doped p-type regions
onto which was deposited an aluminium film. Samples
of dimensions 9 mm x 3 mm, with a contact pad at each
end, were cut from the wafer. These processing steps were
carried out at the Defence Research Agency, Malvern.

The wafers M1, M2 and M3 were prepared at the Naval
Research Laboratory, Washington, by growing the silicon
film by MBE. Each sapphire substrate was annealed at
1415~1450°C in ultrahigh vacuum before the silicon was
deposited on the substrate at 750°C. Further details are
given elsewhere [8,9]. Samples, typically 8 mm x 5 mm in
size, were cleaved from these wafers. Two small aluminium
pads were evaporated onto each sample which was then
annealed in nitrogen for 10 min at 450°C. To measure the
current through the silicon layer leads were attached with
silver paint to each aluminium pad on both the CVD- and
MBE-grown samples.
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Figure 1. Resonant change in dark current at constant
voltage, V = ~4 ¥V, for sample Al. No signal was detected
for positive V. v = 9.6 GHz, B)[011]. The insert shows the
{=V characteristic for this sample.

Table 1 gives the average conductivity in the dark—
hereafter just referred to as the conductivity—which was
measured for each type of sample, except M1 and M3,
by a four-point probe. For M1 and M3 the conductivity
was determined from the dark current, I, voltage, V,
characteristic. For all samples, except for those from the
low-conductivity CVD wafers Al, D1 and D2, the -V
characteristic is linear, However, the current through Al,
D1 and D2 often tends to saturate as V is increased for
one polarity of V; an example of this behaviour is shown
in the inset of figure 1. The most likely explanation for
the saturation is that one of the contacts behaves like a
reverse-biased diode. In some of these samples the current
tends to saturate for both polarities of V which indicates
that both contacts then behave like diodes. However, in all
samples the photocurrent, I, varies linearly with voltage
for both polarities, at least at the light intensities of 50—
80 mW cm~? mostly used in the later experiments. At
these light ievels the photocurrent considerably exceeds the
dark current, I, in the samples Al, D1 and D2, is greater
than or approximately equal to I in M1, M2 and M3 and
is of the order of 1% of I in the high-conductivity wafers
A2, 81, 82 and D3.

The structural characteristics of equivalent as-grown
CVD films and the effects of SPEG and DSPEG have been
reported elsewhere [10] as have the structural features of
equivalent MBE-grown samples [8,9, 11-13], so here we
just give a brief summary of those features of relevance
to the present study. SPEG is found to greatly reduce the
microtwin density close to the silicon/sapphire interface,
but twins remaining in the top crystalline layer propagate
through the film during regrowth. The layers regrown after
DSPEG are relatively free of twins but contain dislocation
arrays emanating from the sapphire interface.

The microtwin differential volume fraction, which
represents the percentage of material which is twinned, in
MBE SOS falls off more rapidly with distance from the
silicon/sapphire interface than it does in as-grown CVD
SOS and at any point gets progressively smaller on going
from CVD SOS (0.55 wm) to MBE SOS (0.15 m) to MBE
SOS (0.55 pm). The fact that microtwins are less prevalent



in MBE SOS than in CVL>» SOS has led to the conclusion
that strain relief by dislocation formation is more important
in the former than in the latter {9, 11].

3. Experimental techniques

The conductivity of the silicon was monitored by using a
current amplifier to measure, at constant voltage, the current
through the silicon film. Excess carriers were created with
light, from a 360 W tungsten filament lamp, which was
filtered by a copper sulphate solution to remove the long-
wavelength output. A resopance was detected at a magnetic
_field, B, of about 0.34 T when imrradiating the sample with
microwaves of frequency ~ 9.6 GHz in a TEg, mode
cavity and also at B =~ 3.3 mT using a radiofrequency
oscillator of 92 MHz in series with a 10 W power amplifier
to drive a tuned coil. Field modulation at about 1 kHz
was normally used together with lock-in detection, but a
PIN diode was occasionally used instead to modulate the
microwave power. The g value (= hv/ugB), which is
found from the microwave frequency v and line position
B, and the linewidth were determined from the spectrum
once the magnetic field scale had been calibrated using a
proton NMR probe. The field homogeneity over the sample
is better than | in 3 x 10% as is usual for magnetic resonance
experiments. These measurements were made at Trinity
College, Dublin,

4. Results

4.1. Resonant change in the conductivity

Figure 1 shows the resonant change in the dark current,
at constant voltage, in a sample from wafer Al; the
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modutation at 1 kHz was used; here and elsewhere, unless
otherwise stated, the measurements were made at room
temperature, This as-received CVD-grown sample has a
nonlinear [-V characteristic only when the voltage, V, is
negative as shown in figure 1, and it was for this polarity
only that the signal was observed. Most of the samples
from the other two low conductivity, CVD-grown wafers,
D1 and D2, exhibited similar nonlinear J-V characteristics
and these also gave the same signals in the dark. In some
of the Al, D1 or D2 samples the current tended to saturate
as the voltage was increased for both polarities of V and
in these cases the same type of signal was seen for both
polarities, That the signal is associated with the nonlinearity
of the J-V characteristic rather than with the dark current
as such is reinforced by the fact that no signals were seen
in the dark for the other CVD-grown samples whose much
higher conductivity meant that, for the same voltages as
before, the dark currents were much larger than in Al, D]
or D2. The I-V characteristics of the MBE-grown samples
current was either very small or unobservable.

Figure 1 shows that the signal, for the magnetic field
B||[011], consists of two features X and Y. For this field
direction X is a slightly asymmetric line with peak-to-
peak width, ABy, = 0.66 mT, and a zero crossing g
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Figure 2. Resonant change in photocurrent in samples A1,
Dt, D3, 81, M1 and M3. v = 8.6 GHz, B|[011], ‘

value of 2.0053 £ 0.0003 and Y has ABy, = 0.51 mT
and g = 2.014 (corresponding to the mid-point of the
line). As B is rotated in the (011) plane from B||[011] to
I[100] the feature Y moves to higher fields and at B}{100]
has g = 2.011. Apart from a slight shift in g value
to 2.0056 £ 0.0003 for B||[100] there is little change in
the dominant feature X. The current always increased at
resonance.

Tt is a_rgned later in section 5.2 that the resonant
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change in the (dark) conductivity is due to spin-dependent
generation (SDG) in a space charge region at one of the
contacts. However, as it is not known whether such a
region covers all or only part of the area beneath the contact
pad it was not felt to be worthwhile to make detailed
measurements on this signal. It is worth noting, however,
that for some samples the fractional change in conductivity
(Ao /o) for the main feature X reached ~ 1074,

4.2. Resonant change in the photoconductivity

4.2.1. Resonance at B ~ 0.34 T. Figure 2 shows the
signals corresponding to a resonant change in photocurrent,
Ip, at constant voltage, for samples from the CVD-grown
wafers Al, D1, D3 and S1 and from two of the MBE-
grown wafers M1 and M3. All these spectra were recorded
at room temperature with B||{011], 1 kHz field modulation
and a microwave frequency of about 9.6 GHz. The spectra
for the samples D3, S1, M1 and M3 are similar and consist
of a single line with AB;; = (0.8 £0.1) mT for 81, D3
and ABg, = (0.72 @ 0.06) mT for M1, M3 and with zero
crossing g value of 2.0053 £ 0.0003 for B|[[011]. The line
is asymmetric, being broader on the low-field side and the
asymmetry is more marked for the CVD samples 81, D3
than for the MBE ones M1, M3. The specirum for M2 is
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Figure 3. Dependence of ah/}, (for line X} on microwave
power for the MBE-grown samples M1{0) and M3(0). & is
the amplitude of the linearly polarized microwave field.
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field in the (011) plane from B|}f011] to [|[100] causes the
g value to increase slightly to 2.0062 - 0.0004 and the
line becomes more nearly symmetric but otherwise there is
little change. Figure 2 shows that samples Al and D1 have
spectra of almost identical shape; the spectrum of the other
high-resistivity CVD wafer, D2, is the same as that of D1.
The feature X is the same as that measured in the dark for
Al, Dl and D2 and figure 2 shows that it is very similar
to the single line seen in the other samples. Feature Y is
also seen in the spectra of these three types of sample but a
comparison to the spectrum in figure 1 shows that it is less
intense relative to X than it is when recorded in the dark.

Most measurements were made for a light intensity in
the range 50-80 mW cm™? and, as mentioned earlier, the
photocurrent is then comparable to the dark current in all
the MBE-grown samples and considerably exceeds it in the
low-conductivity, CVD-grown samples Al, D1 and D2 but
for the high-conductivity CVD samples A2, $1, S2 and
D3 the photocurrent did not exceed about 1% of the dark
current. As the noise tended to increase as the total current
increased the signal-to-noise ratio was lower for these latter
samples than for the other samples. Most measurements
were therefore made on all or some of the MBE samples
and on the low-conductivity CVD samples rather than on
A2, 81, 82 and D3.

In every case the photocurrent was found to decrease
at resonance. The photocurrent, /,, and the change, AL,
at resonance varied linearly with the applied voltage, V,
for both polarities of V and hence AIP/IP was found to be
independent of V, at leasi in the rather limiied range of O
to 6 V which was used. Here and in what follows, Al,
refers to the main feature X.

Figure 3 shows the dependence of the ratio AL/l
on the amplitude, By, of the linearly polarized microwave
magnetic field at the samples M1 and M3, The spectra
were recorded using 1 kHz field modulation and A7, was
determined from the integral over field of each spectrum.
The values of B; were calculated following the procedure,
given in the book by Poole [14], which relates B; to the @
of the ipaded cavity (=~ 3000) and the power incident on
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Figure 4. Resonant change in photocurrent in sample M1
{a) and D1 {b). v =~ 92 MHz.

the cavity (= 0.7 W, at 0 dB attenuation in our case). The
B values are, however, based on the assumption, which
may not be valid, that the field configuration is exactly that
for the TEpy;; mode. The dependence shown in figure 3
is typical of that measured for the other samples M2, Al,
D1 and D2. Since a limiting, saturation value, for Alp/1,
has not been reached all we can give are the maximum
values obtained, at B =~ 0.34 T, for this ratio. These
values are (0.89 + 0. 18) x 10™4, (0.95 0. 16) % 10~* an

(1.440.1) % 10” —4 for the three MBE sampxes M 1, M2 and

M3 respectively and (2.0£0.4) x 1074, (0.5+£0.3) x 10™%,
(0.4£0.3) x 1074, (0.5+0.3) x 107, (1.7 £0.5) x 1074,
(1.5 +0.5) x 107 and (1.2 + 0.5) x 10~ for the CVD
samples Al, A2, S1, 82, D1, D2 and D3 respectively.
Since the applied voltages are constant these changes are
also the fractional changes in photoconductivity (Agp/cp).
There was little increase in the linewidth with increasing
microwave power and, for example, for each of the three
samples M1, M2, M3, the linewidth was only found
to increase from (0.72 & 0.06) mT at low power up to
(0.80 % 0.06) mT at the highest power.

For Al, D1, D2 and D3 Al,/1, increased by about a
factor of 5 as the temperature was decreased from 300 to
200 K, These samples also showed a weak dependence of
Alp/ iy on the light intensity; as the intensity was increased
from 20 to 80 mW cm™2 Al,/l, decreased by a factor of
about 1.4 but for the MBE samples no change was observed
in this intensity range.

4.2.Z2. Resonance ai B ~ 3.3 mT. Figure 4 shows
the resonant change in photocurrent which is centred, as
expected for g =~ 2, at a field of about 3.3 mT as a result
of replacing the microwave cavity with a coil producing a
radiofrequency (RF) field at about 92 MHz. The figure
shows the resonances obtained for samples M1 and DI
and the width, shape and position of the resonances for
samples M2, M3, Al and D2 are almost identical. For all
these samples the linewidth at low RF power is significantly
narrower than it is at B ~ 0.34 T and the shapc is very
close to Lorentzian, The spectra in figure 4 were recorded



Table 2. Values at room temperature of the parameter
ET T obtained from fits to the power dependence of
81, and AB,, and values of ABS, obtained from the fit
and also by direct measurement.

1vET T (mT)2 ABg, (mT)
Direct
Wafer 5/, fit ABp fit  ABg fit  measurement
M1 6010 6010 0.14 0.12+£0.02
h2 70+ 10 7010 014 0.12 £0.02
M3 70x10 70+10 0.14 0.12 +0.02
Al 7010 110+15 012 012002
D1 50+10 75+£10 0.13 0.13+0.02

at room temperature with field modulation at 1 kHz and a
light intensity of 80 mW cm™2. No orientation dependence
of the spectra was detected and the ratio Al /1, was again
independent of the voltage, V, in the range 0 to £6 V.
Figure 5(a) shows how, at constant /,, the peak-to-peak
height, &1, of the signal for sample M3 varies with the
amplitude, B;, of the linearly polarized RF field. The
values of 41, are scaled to make the maximum value equal
to 1. Figure 5(b) shows how the peak-to-peak linewidth of
the signat for M3 varies with B;. Almost identical results
were obtained for the other samples M1, M2, Al and DI,
The maximum values of Af,/I; are (3.3 + 0.6) x 1074,
(2.7£0.5) x 10~* and (3.7£0.6) x 10~* for the three MBE
wafers M1, M2 and M3 respectively and (2.12£0.5) x 1074,
(1.74£0.9) x 107, (2.0 £ 0.5) x 107, (1.4 £ 0.3) x 10~
and (1.4 £ 0.7) x 10~* for the CVD wafers Al, S1, D1,
D2 and D3 respectively. The error bars include the slight
spread in the values obtained for different samples taken
from the same wafer. Figures 5(a) and 5(b) show that the
power dependence of 81, and A By, can be fitted quite well
to the expressions

3l w %}/IZBIZT*T(I + %VﬁB?T*f)'WZ )

and
ABy, = ABJ (1 + Ly BIT*T)'2. ()

y is the gyromagnetic ratio (= gug/h) and ug is the Bohr
magneton. The justification for using these expressions and
the processes which contribute to the relaxation times T*
and T are discussed in section 5.1. The two parameters
which can be adjusted to get the best fit to the linewidth
variation are ABY, and §y?T*T. Apart from a constant
scaling factor 1y2T*T is the only parameter which can
be varied to get the best fit to the power dependence of
81,. Table 2 gives the values of these parameters obtained
from fits to the data for M1, M2, M3, Al and D], and it
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the values for these samples. Only for M2 was the power
dependence of 3/, and A By, measured at low temperature
(118 K) as well as at room temperature (300 K), but no
change in minimum linewidth or saturation behaviour could
be detected.
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2
s
.
5
£
)
__‘.ﬂ.
w
PSR S U ST S
) 0.05 010
8% (mTh
0.4 —
e 03 . 1
£
4§
Q 0.2k .
tey
041 i 1 1 rl l 1 L 1 L I
0 0.05 010
82 imT?)

Figure 5. The dependence on RF power of (a) the
peak-to-peak signal height, 5/, normalized o a maximum
value of one and {b) the peak-to-peak linewidth AB,. By is
the amplitude of the linearly polarized RF field. The results
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are for sampie M3. v = 82 MHz. The fits are obtained
using expressions given in the text.

5. Mechanisms for resonance
5.1. Resonant change in photoconductivity

The most important features of the resonant change in
photoconductivity are that it corresponds to a decrease in
photoconductivity, that the maximum fractional change in
the photoconductivity is of the order of 10™* and that this
ratio is hardly affected by changing the rescnance field by a
factor of 100. These features can be explained by the model
proposed by Kaplan, Solomon and Mott (KSM) [2] which
accounts for all these features. The heart of their model is
the electron—hole pair state in which the electron and hole
are close together, It is envisaged that the injected excess
carriers form such pair states before the pairs recombine
or dissociate and that the electron and hole in such a pair
recombine only with each other and not with other holes
or electrons. Since in silicon the spin—orbit interaction is
small, the total spin, 5, is conserved during recombination
s0 that if after recombination § = 0 the recombination will
occur if the initial pair state is a singlet with § = 0 but
not if it is a ftriplet state with § = 1. This will cause
the triplet/singlet population ratio to exceed its isotropic
value of 3/1. Saturation of either the electron or hole
resonance will restore this isotropic ratio and hence lead to
an increase in the recombination rate, L'vov et al [4] have
given a quantum mechanical treatment of the KSM model
in which they also include the effect of spin relaxation.
They exclude any spin—spin interaction, which is justified
in the present case as no sign of such interaction is detected.
Two characteristic times, T*, T, appear in their treatment
and are defined by

Lot 3 L 1 4/ 3 YXF
" =1/1 =1/I;+ Wp

Ixr 105
i

1
5 Ly

P
—
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1/ -
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where W; is the recombination rate of a pair in a pure
singlet state, Wp is the spin -independent dissociation rate
of a pair and T is the spin relaxation time. They show that
for w1pT > 1 (where w2 = @) —w2, w; = W B, w2 = 1B
and yy, ¥ are the gyromagnetic ratios for electron and hole)
and for the microwave or RF frequency w close to & so
that (@w; — w)T > 1 the recombination rate, R, via the pair
states is given by

4Wp, 1 - 2 -1
= - - T =G
R G(2+ W T TIWoT Wo f(Bi)) @
(4)
where
fBY = 42T TBHI + (@ ~ 0T + §¥ET*T B}
&)

and & is the generation rate of the pairs. The expression
for R in the vicinity of the other resonance has the same
form, with 1, @ replaced by 4, @ws respectively.

Kaplan et a! [2] suppose that the generation rate of
the pairs depends only on the concentrations of the excess,
infected, carriers. If we suppose that the excess free
electron and hole concentrations are both equal to An and
that G « An then, as the photoconductivity o, o An,
we have that R of op,®. Since the light intensity is kept
constant then so too is the generation rate of free electron—
hole pairs, and as steady-state conditions are maintained
then R is also constant. Since R o op®P then Agp(w)/op =
—A®/P,  If there are additional spin-independent or
weakly dependent pathways then the fractional change in
o will be less than the fractional change in ®. In practice
Aogpfop K 1 and if also AP/P « ] then equations (4)
and (5) imply that

Aoy (@ . aw, 1 -1
_al(—) :_WDT(“ W~ 1+WDT)
P 5 s
1y2BRTHT

6
“T¥ - OTF + 17BT T ©

The exact expression for Aop/op at the centre of the
resonance at saturation is

( ﬂ) . W, WpT; (7)
sat

Op W, +4Wp 1 + W T

Equation (6) predicts that Aop(w) is negative, that its
l-;w--;ﬁ.r valne, f’\.nfrJ 15 field mdpnpndant and thﬂr I\rr ln-_ 8
mdependent of the voltage V, alI of which are cons:stent
with the results given earlier,

Since the use of field modulation gives a signal
proportional to dop/dB it is convenient to take the
derivative of equation (7) and hence obtain

d(Acy) BT T (0 ~ w)T*

dB {1+ [(&1 — )T + L2BIT*T)2

®

Equation (8) vields a resonance line with peak-to-
peak beight, 8I;, and peak-to-peak width, ABy,, given
by equations (1) and (2) respectively with ABJ =
2/(3nT).

It is reasonable that this, homogeneous, linewidth
should depend on W, and Wp since they, as well as T;,
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affect the lifetime of the pair state. The fitting procedure
used earlier for 81, and A By, is only valid if the RF line is
homogeneously broadened and we now consider whether
this assumption is justified. The fact that the microwave
resonance line X is appreciably broader than the RF line
at low RF power suggests that there is a contribution to its
width arising from a spread, Ag, in the g value since such a
spread will give rise to a spread in the line positions which
is proportional to the field, and hence the frequency, at
rescnance. If we assume that the g-value spread gives rise
to a Gaussian spread of Lorentzian lines then the overall
line shape is given by the convolution of the Lorentzian
line with a Gausstan function. This produces the so-called
Voight line and Stoneham [15] has shown that to a good
approximation its total linewidth is given by

T & T T

(ABG)* +0.9085A B3 ABL + 0.4621(ABL)?

ABTDt =
PP ABS + 0.4621ABL

©
Taking AB;I'," = 0.70 mT at 9.6 GHz and 0.13 mT
at 92 MHz and taking ABS = Ev, where E is a
constant and v is the RF or microwave frequency, gives
E = 6.6 x 107" mT Hz™' and ABL = 0.13 mT. This
gives ABS = 0.63 mT at 9.6 GHz corresponding to a

spread, &g, in g of about 0.004 but at 92 MHz AB" is
only 0.006 mT and it is therefore a2 good apprcmmatlon
to neglect it. Nevertheless, small contributions to the
linewidth from inhomogeneous broadening, caused, for
example, by unresolved 2°Si hyperfine lines, may remain
and therefore we take the linewidth Ang to give a lower
limit to 7*. Since there doss not appear to be any
significant difference between the values, given in table 2,
of ABY, and §T*T for the wafers M1, M2, M3, Al and
D1 we take the average values and obtain

2 <0.13£003 mT
'\/5}’] T*
and _
ATT =70+ 20 (mT)™2.

Teking y; = 1.764 x 10" s™! T~ corresponding to g =
2.0055 gives T* 2 5 x 1078 5, T*F = (9 £ 3) x 10715 2
and hence 7 < 2 % 107 s; also equation (3) implies that
T 2 T* and therefore 5 x 108 s < 7 < 2x 107 s,
Since W = 4[(T™*)~1 — (T) 1then0 < W, < 6x107 s~F,
Furthermore Wp = (T)~! — I,'. If Wp has the form
corresponding to the emission to the conduction band of an
electron from a level at energy AE below the band edge
[16] then

Wp = 0 VigNe exp(~AE/kT) (10)

where the symbois have their usual meanings. At T =
300 K, Viy =2 x 10° m s7!, so with N, = 2.8 x 10¥ m™3
and taking o, = 10 m? a typical value, equation
1N imnliac that if for avamnla W.. — 107 =1 than

LAV MM WAL Ly AV wadupriv, Tr — Ay - (S ywr ]

AE =0.22 eV, With AE = 0.22 eV equation (10) implies
that Wp should drop by a factor of about 5 x 10° as T falls
from 300 K to 118 K. However, as mentioned in section
4.2.2, there was no discernible change in the minimum
linewidth or saturation behaviour of the RF line for wafer



M2 when T was reduced to 118 K. Therefore we must have
Wp«Tlandso T, T ~ 1077 s and Wp < 107 51,
Further information can be obtained using equation (7) for
the saturation value of Aogp/o,. Since we have shown
above that WpT; < 1 this becomes

(ﬂ) - VWl (11)
% Jem W5+4WD-

Irw, » 4WD then (Acrp/crp)w ~ —~WpT, and it would
be expe(‘:if‘:u that u.ap/cp would decrease f&pim'y as the
temperature is decreased whereas in fact Ao, /oy increases.
However, if the other ineguality holds, W, < 4Wp, then
Doy /op 22 —W Ts; |Aop/op] would then be expected to
increase as T decreased since T; should increase whereas
W might fiot chaﬁge meuch. Taking [uuw up| ~ 2% 13_4
and T, = T gives 4 x 10® 57! < W, < 1.6 x 10* s~
Having T,”! 3> W, considerably reduces IAap/ap! bclow
its theorencal maximum value but with 4W5T > 2 x
10~* it is still much larger than ~ 1075 expected if the
system was fully thermalized (at 300 K) which would
make the |Aop/op| strongly field dependent. Of course,
if recombination via the paired state is not the dominant
mechanism then |[A®/P| > |Aop/op| and the upper limit
for W, would be larger. The final values deduced for T*,
T, T., Wp and W, may be summarized as

T*25x107%s  2x1077s 2T 25x10%s T, ~T
Wp <10 s andd x10°s ! < W, w4 x 107 57!
since W, < 4Wp.

These values refer to the pair state associated with the
feature X since, even when Y is present, X is the dominant
feature,

We can now check to see if the condition wy,T 3 1,
for which equation (4) is valid, is likely to be valid for the
RF data. Since T ~ T* then the condition wiT > 1 is
equivalent to the requirement that the separation between
the ‘electron” and ‘hole’ resonances is greater than their
width and they should therefore be resolved. However,
as was the case for plastically deformed silicon [3, 4], we
only detect one RF line. This may be because, even at
B = 3.3 mT, the hole resonance is too broad to detect and
in this case any overlap of the two resonances may indeed
be small so that the above condition is valid. However,
another possibility is that the two resonances do largely
overlap both at 9.6 GHz and 92 MHz. In this latter case
the condition w27 3> 1 is not satisfied and the analysis
is not strictly valid. However since the quantities T,, W,
and Wy refer to the pair then both the width and saturation
behaviour of the RF line will still be determined only by
T.. W; and Wp and the values given above will still be
approximately correct.

5.2. Resonant change in conductivity

The resonant increase, Ao, in conductivity occurs when
one of the contacts behaves iike a reverse biased diode. 1t
is therefore likely to arise from SDG in the depletion region
which has already been suggested to explain the resonance
obvserved in reverse biased pn junction dicdes [17]. The
fact that we find Ao /o reaches ~ 10™* indicates that it

e

may aiso arise from the KSM model.

Spin-dependent photoconductivity in silicon-on-sapphire
6. Discussion

We have seen that the KSM model can account for
the resonant changes we have observed, but a number
of iopics—ihe natufe of the defecis involved, the
recombination pathway, a comparison of the various
samples and how the results compare with those obtained in
other cases—all need to be discussed and we now consider

each of these in turn.

6.1. Nature of defects and SDR or SDG pathways

The first question to be answered is what corresponds to
the ‘electron’ and ‘hole’ in each of the intermediate pair
states r'nrr'pcnnndmcr to featureg X and Y. We first congider

the major resonance X, The zero-crossing g value, go, of
between 2.005 and 2.006 is typical of Si dangling bond
(DB) centres and there is evidence for their presence in the
bulk of the Si layer and possibly at the SifAl,O5 interface
[18,19]. Some studies [20,21] of as-grown CVD SOS
have found evidence for a slight degree of amorphization
but the angular dependence of gy excludes the possibility
that X arises from DBs solely in amorphous regions. The
magnitude of Acy/o, for MBE SOS samples was found
to be the same whether the measurement was made a
few days or several weeks after the oxide was eiched
off, and this strongly suggests that DBs at the Si/native
oxide interface play an insignificant role. The most likely
source of DBs which cause X are those associated with
the dislocations present in all the samples. Dislocations,
unlike microtwins and stacking faults., are not reduced
greatly in number by SPEG or DSPEG treatments [22].
Furthermore, stodies of plastically deformed silicon show
that dislocations give rise to spin-dependent recombination
[3.4,23] and many characteristics of the resonance are
similar to those we observe. The question now arises of
what is the other partner in the pair? There is evidence
[24] that the spin-dependent recombination step in a-Si:H
is the tunnelling of an electron from a conduction band
tail (CBT) state, in which it had been trapped, to a neutral
St DB; holes trapped in valence band tail (VBT) states
may also play a role. The tail states are usually attributed
to distorted or weak bonds which are diamagnetic when
neutral and EPR signals with g ~ 2.004 and g >~ 2.01
are associated with states CBT™ and VBT respectively
[25]. There is evidence for tail states in SOS [26], and
therefore we suggest that the spin-dependent recombination
step in SOS is either CBT~ + DB® — CBT? + DB~ or
VBT*+DB® - VBT? + DB* where DB is the dislocation
dangling bond. Since dissociation of the pair corresponds
to re-emission of the electron or hole into the relevant band
and since we have shown that Wp <« 107 s~! then the tail
states involved must.be quite deep. There may be pairs for
which these states are shallow but the higher value of Wp
would not only reduce the size of Ao, but increase A By, so
LAl LIOCIT CONUIDULION 1O IS ODXCIVEd 1E€50N4ANce would DG
insignificant. It is for these reasons that the model of Rong
et al [7] in which one of the carriers is in a shallow excited
state is unlikely to be correct. They take Wp ~ 1010 577,

which would give a resonance far wider than is observed
in 8i pn junciton diodes.
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Table 3. Parameters associated with the resonant change in photoconductivity in SOS and plastically deformed silicon. The parameters for the present work

refer to the feature X.

Aayfop

Reference

Wo (s7Y)

W (s7)
4 % 1034 x 107

T: (1077 5)
0.5-2

1

Ag

g

independent

Saturation Approx field

value

Sign

Sample type

Present work

(5]
[4]
[3]

b5 x 107

W, < Wo <« 107
&« 1.7 x 107

5x 10

1
4

2 x 10°
4 %104

—~r

0.6
0710 1.3

~
—~

0.004
0.01

2.005-2.006

~

Yes
Yes
Yes
Yes

~ 10~*

—ve ~107*
~ 10~

—ve ~ 10
—ve ~107%

CVD and MBE S0OS8
Plastically deformed Si
Plastically deformed Si

LPE SOS

(23]

(2]

2.004 &+ 0.001

Plastically deformed Si

The absence of two resolved lines in SOS means either
that one of the lines is too broad to be detected (as is likely
to be the case for VBTY) or overlaps too closely with the
DBP line (as may be the case for CBT™).

We have not identified the defects responsible for
feature Y, but the fact that it is strongest relative to X for
signals recorded in the dark suggests that the defects are
mostly in the region below the rectifying contacts where
the depletion layer must lie.

The spectra for samples Al, D} and D2 recorde
dark are almost identical to those in the light. The same
defects must therefore affect both spin dependent generation
as well as recombination; the same conclusion has been
reached for SDR and SDG observed in Si pn junction dicdes
[17]. However, neither of the SDR steps given earlier to
explain X are spin dependent in the reverse direction and
we therefore have no satisfactory explanation for the SDG
signal.

6.2, Comparison of results for the various samples

Apart from the occurrence of the weak resonance Y only
in samples Al, D1 and D2 it is remarkable how similar are
the results for all the samples. The main resonance X and
the relaxation times are very nearly the same in all samples.
The only difference is that the values of Ag /oy, are slightly
smaller in the high-conductivity CVD SOS samples than in
the low-conductivity ones. This may be because shifting
the Fermi level away from mid-gap reduces the number
of DB centres in the neutral paramagnetic state and hence
reduces Acy.

The photoconductivity, at constant light intensity, of
the MBE SOS samples decreases by about & factor of 90
as the thickness of the Si film is reduced from 0.5 um to
0.15 pm so that the fact that (Agp/op)sx changes by less
than a factor of 1.5 implies either that the spin-dependent
pathway is indeed .the dominant recombination pathway
or possibly that its importance relative to other pathways
remains unaltered.

6.3. Comparison of results with those for other samples

Table 3 shows that the parameters associated with the main
feature, X, in the resonant change in photoconductivity
are very similar not only to those obtained for an SOS
sample prepared by liguid-phase epitaxy (LPE) [5] but
also to those obtained for samples of plastically deformed
silicon. The near certainty that silicon dangling bonds
at or near dislocations are involved in the spin-dependent
recombination in the latter samples therefore supports the
proposal that they are involved in SOS too. As regards the
resonant increase in {(dark) conductivity, it is interesting
to note that Szkielko [27] also observed such a signal
in a sample of plastically deformed silicon which had
an indium-alloyed p-n junction at one end. As was
the case for some of our samples Al, D1 and D2, he
observed the conductivity change to reverse sign from
positive to negative when the sample was illuminated. He
also supposed that the resonance was due to SDG from



dislocations in the dark and SDR at dislocations with the
light on.

7. Conclusions

A resonant decrease has been observed in the photocon-
ductivity of all the CVD and MBE SOS samples. The
dominant feature, X, occurs in all samples and a weaker
feature Y occurs only in the high-resistivity CVD samples.
The main characteristics of X—its sign and its magnitude,
Aoy fop, of up to = 10~* which is approximately field
independent—can be explained by the KSM pair model.
Using the quantum mechanical version of this model by
L’vov et al [4] we obtain, for the pair associated with fea-
re X, Ty = (0.5-2) x 1077 5, W, = 4 x 10°~4 x 107 s~
and %Ws &« Wp « 107 s71. In addition we show that
the width of this feature, when recorded at a microwave
frequency of about 9.6 GHz, arises primarily for a g-value
spread, Ag, of about 0.004, The pair state comesponding
to feature X is suggested to be an unpaired electron at a Si
dangling bond associated with a dislocation and an electron
or hole trapped at a nearby tail state defect. The saturation
value of |Aa,/o,| differs surprisingly little amongst all the
SOS samples despite the fact that o, decreases by about a
factor of 90 as the thickness of the Si film is reduced from
0.5 um to 0.15 pum in the MBE samples. This suggests
that either the spin-dependent pathway is the dominant re-
combination pathway or else that its importance relative to
other pathways is about the same in all samples.

The three types of CVD SOS samples, Al, D! and
D2, which exhibit nonlinear /-V characteristics also give
a resonant increase in the (dark) conductivity. This is
interpreted as spin-dependent generation in a space charge
region at the contacts. The featwre Y is stronger relative to
X than it is when these samples are illuminated, which
suggests that Y is associated with defects or impurities
concentrated in the contact regions.
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