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We show that thermal modulation of the spin density is determined primarily by the defect correlation
energy in intrinsic amorphous semiconductors, and is fairly insensitive to Fermi level position. We
present temperature-dependent electron-spin-resonance (ESR) measurements for intrinsic hydrogenated
amorphous silicon indicating a correlation energy of about 0.3 eV in low-defect-density material. We
discuss the previous interpretation of depletion-width-modulated ESR in intrinsic a-Si:H as indicating a

correlation energy of 0.0 eV.

PACS numbers: 76.30.Mi, 71.55.Ht

Ever since the discovery that defects in chalcogenide
glasses such as Se and As;Se; can have negative effective
correlation energies U—that is, ever since the discovery
that charge exchange between identical defects

D°+D°+U—D*+D"

can be exothermic—it has been clear that experimental
constraints on U are crucial to the interpretation of defect
experiments [1-4]. The original puzzle in chalcogenides
was that the large densities of gap states detected electri-
cally gave no corresponding signal in electron-spin-
resonance (ESR) measurements. The puzzle is neatly
solved by a negative correlation energy: Only neutral de-
fects are detected by ESR, but with a negative U essen-
tially all defects are charged in equilibrium (half positive-
ly and half negatively).

The discovery of negative U in chalcogenide glasses
was probably delayed by the absence of experimental
techniques which directly address its value and sign.
Research on hydrogenated amorphous silicon (a-Si:H)
benefited from a novel, depletion-width-modulated
(DWM) ESR technique developed in 1982 by Cohen,
Harbison, and Wecht [5] to probe correlation energies.
These “DWM-ESR” measurements were done on
phosphorus-doped a-Si:H. Initially, the D centers were
negatively charged due to doping; spins were created by
“depleting” the specimen of electrons, thereby creating
spins (neutral D° defects). The measurements were con-
sistent with a substantial, positive correlation energy
U>02¢eV.

One might expect that the properties of D cénters in
doped a-Si:H and intrinsic (not intentionally doped) a-
Si:H should be the same, and indeed some early experi-
mental estimates of U were based on this premise. How-
ever, it now appears that the optical [6,7]1 and spin-
relaxation [8] properties of the D center vary significantly
between specimens, presumably reflecting the relatively
large range of configurations possible for a given type of
defect in a noncrystalline material. A systematic dif-
ference between doped and intrinsic a-Si:H is possible
and even probable. The first DWM-ESR measurements
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in intrinsic a-Si:H were reported only fairly recently [9].
They were interpreted as evidence for a zero correlation
energy, thereby suggesting that most defects in intrinsic
a-Si:H are charged and undetected by ESR. A summary
of the evidence favoring the generalized *“‘charged-defect”
view for a-Si:H has been given recently [10]. Specifically
at issue are the microscopic interpretation of the defect
density of states, and the use of ESR measurements for
absolute calibration of optical and electrical defect spec-
troscopies.

In this paper we first discuss further the general rela-
tionship of modulated electron-spin-resonance measure-
ments and effective correlation energies. We evaluate
both thermal-modulated and depletion-modulated ESR
for a conventional model of defects in amorphous semi-
conductors. The model incorporates both the correlation
energy of the defects and also the Fermi level, which may
be affected by dopants or by other defects not included in
the model. As expected from previous work [5,9],
depletion-modulated ESR is quite sensitive to the correla-
tion energy, but it proves to be quite sensitive to the Fer-
mi level as well. Thermal modulation is primarily sensi-
tive to the correlation energy, and is remarkably indepen-
dent of the Fermi level. We therefore propose that
temperature-dependent ESR should be used to estimate
U in amorphous semiconductors, and that depletion
modulation should be used in conjunction to gauge the
doping level.

We then present temperature-dependent ESR measure-
ments for intrinsic a-Si:H prepared under a wide range of
conditions. These appear to be the first such measure-
ments to be published [11]; we believe that our measure-
ments are sufficiently accurate to detect 1% deviations
from Curie-law behavior in the temperature range
77-350 K. We interpret these measurements as indicat-
ing a correlation energy of 0.3 eV for the D center in in-
trinsic a-Si:H, and we reinterpret the DWM-ESR data as
indicating essentially no inadvertent doping of the speci-
men.

The principle of the two modulation techniques is illus-
trated in Fig. | for a conventional model [6,7,9] of de-
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FIG. 1. Calculation of spin densities for a density-of-states

model. The upper panel illustrates the density of states g(E).
The function f1(E) in the middle and lower panels is the proba-
bility that a defect labeled by E is occupied by one electron for
an effective correlation energy Ues=+0.3 eV. The middle
panel illustrates f(E) for two values of the total electron densi-
ty n; the lower panel illustrates f1(E) for two temperatures and
a constant value of n.

fects in a-Si:H. The density of states g(E) corresponding
to the transition Dt +e ~— DO is illustrated in the top
panel. The density of spins /V, is determined in this mod-
el using the probability f,(E) that a defect is singly occu-
pied: N,=[g(E)f\(E)dE. f\(E) is evaluated using
textbook statistical mechanics for sites D ¥, D® and D ~
charge states [12]:

S[1E)={1+ % explB(E —p)]
+ fexpl—BE—p+U)} 7. 1)

u is the electronic chemical potential (or Fermi level)
determined by the total density of electrons n; =1/kpT.
We assume that defects have a common correlation ener-
gy U despite the distribution of level positions E. The
solid curve in the middle panel of Fig. 1 illustrates the
function obtained for u =0.0 eV and U=+0.3 eV. The
upper cutoff in this curve is at y, as for ordinary Fermi
statistics. The lower cutoff is at u—U. Levels lying
deeper than u — U are doubly occupied, and hence f de-
clines to zero.

In an ideal depletion-modulation experiment, the
chemical potential u would be lowered by depleting the
total density of electrons n. The new function f)(E)
which might result is illustrated by the dashed curve of
the middle panel; there is of course a corresponding
change in spin density. Lowering the specimen tempera-
ture can also affect the spin density; the lower panel of
Fig. 1 illustrates the effects of changing temperature
while leaving the electron density n constant. The cutoffs

in f| become sharper at lower temperature. There is also
a change in u, although this effect is not obvious in the il-
lustration.

We found it simplest to study the depletion and
thermal effects in this model using numerically evaluated
partial derivatives of N;(n,T). We define the depletion
modulation of the spin density DM=0N,/dn, and we
define the thermal modulation TM=(aN,/dT)/N;. We
used the density of states illustrated in Fig. 1:

g(E)=(Np/nAE)sechl(E — E¢)/AE]. )

Np is the total density of defects; note that TM and DM
are independent of Np. We chose a value for AE which
yields a FWHM width of 0.3 eV; this value is consistent
with the optical measurements [6,7], and was used in the
previous work on depletion modulation [9].

In Fig. 2 we illustrate how DM and TM depended
upon the density of electrons (n —Np)/Np near 360 K.
If no dopants or other defects are present, the ratio
(n—Np)/Np is zero; doping or other defects cause (n
—Np)/Np to vary between —1 and +1. Consider first an
empty defect system with (n —Np)/Np=—1. When
U=0.3 eV, adding an electron increases the mean num-
ber of spins by almost 1.0 (DM =0.9). As the electron
density n increases, DM declines to zero because of the
increasing population of D ~ states. DM is an odd func-
tion of (n—Np)/Np; for a nearly full system [(n
—Np)/Np=+1], adding an electron decreases the spin
density. As illustrated, DM also falls substantially as U
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FIG. 2. Dependence of depletion-modulated ESR DM

=9N,;/8n and thermal-modulated ESR TM=(3N,/dT)/N;
upon the excess electron occupancy (n —Np)/Np due to doping
effects. The points were computed numerically from the defect
model of Fig. 1; the curves are guides. Results for two correla-
tion energies U are plotted.
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decreases; for negative U essentially no spins are present
for any Fermi level.

Thermal modulation exhibits a dependence upon U
which is nicely complementary to that of depletion modu-
lation. For U=0.0 eV TM is of order 1/7, and it de-
clines to nearly zero for U =0.3 eV. On the other hand,
TM hardly depends upon the Fermi level at all. This
feature makes TM simpler to use than DM when doping
levels are poorly known.

We now discuss experimental determination of TM in
a-Si:H. In Fig. 3 we have presented temperature-de-
pendent measurements of the product S(T)T of the ab-
sorption susceptibility S(7) (measured using electron
spin resonance) and the specimen temperature 7. This
product eliminates the 1/7 Curie-law temperature depen-
dence of the susceptibility anticipated for isolated spin
=1 defects, and hence is interpretable as the temper-
ature-dependent spin density N;(T). Since we are only
interested in the form of N,(T), we have normalized the
data so that the apparent T=0 K intercept is 1.0.

The various symbols correspond to different a-Si:H
specimens, as explained in the caption. The specimens
were deposited using a commercial plasma deposition sys-
tem (Plasma Technology, Inc. “Plasmalab™) operating
with 200 mtorr of SiHs. Specimens with widely varying
spin densities were obtained by varying the substrate tem-
perature during deposition, and by subsequent thermal
quenching and annealing treatments in some cases. ESR
measurements were done with a commercial spectrometer
(Varian, Inc. model E-9; 100 kHz magnetic-field modula-
tion). Temperature-dependent measurements were per-
formed with the specimen inside a quartz insert in the mi-
crowave cavity; only the insert and the specimen were
cooled using flowing nitrogen gas. We determined the
effects of changing the insert temperature upon the cavity
Q using a high-sensitivity microwave reflectivity tech-
nique. We found about a 4% change in Q as the insert

0 100 200 300 400
Temperature (K)

FIG. 3. Temperature-dependent measurements of the reso-
nant absorption susceptibility S(7") for four specimens of a-
Si:H. The vertical axis is the product S(T)T, which compen-
sates for the Curie-law dependence of S(T'); the measurements
for each specimen were normalized so that the 7=0 K limit is
1.0. The average spin densities and the thicknesses of the speci-
mens were @ 1.4x10' cm 3, 8.1 um; O: 1.2x10'® cm ~3, 8.1
um; A: 5%x10"%cm 73, 3.0 pum; ®: 1.1%x10'"% cm ™3, 1.6 um.
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temperature changed between 300 and 77 K. We
checked this calibration using a ruby (0.1% Cr**), which
exhibited a 2% deviation from Curie behavior between 77
and 300 K. Further details of our procedures are given
elsewhere [13].

It is crucial to use low microwave power for temp-
erature-dependent measurements to avoid microwave sat-
uration effects. We chose a power of 0.004 mW, based
on previous studies [8,14]. We subsequently discovered
that the uppermost curve of Fig. 3 was slightly saturated
below 150 K, which accounted for the deviation from
linear behavior for this curve. This specimen was deposit-
ed at 150°C; the anomalous saturation behavior largely
disappeared upon annealing at 220°C (data presented as
open circle symbols).

We also explored the role of interface states on these
Curie-law deviations by studying the effects of specimen
thickness for specified deposition and annealing condi-
tions. For the two upper curves in Fig. 3 the areal spin
density (spins per cm? of specimen) was accurately pro-
portional to the specimen thickness, confirming that these
data are characteristic of the specimen bulk. For better
specimens we measured an interfacial spin density of
2x10'2 cm? The lowest curve in Fig. 3 is thus entirely
due to interfacial states, and we concluded from these
data that there is no significant non-Curie behavior for
interfacial spins.

We estimated the thermal-modulation parameter TM
=(dN,/9T)/N; from the slopes of the linear temperature
dependence, as indicated in Fig. 3. For specimens with
areal spin densities comparable to the interfacial density
of 2x10'% cm 72 we calculated the slopes after subtract-
ing a (temperature-independent) interfacial spin density
2x10'? cm 72 to estimate the bulk spin density Ng. We
did not explicitly measure the temperature dependence of
the entire thickness series in these specimens.

In Fig. 4 we show the correlation of TM with the bulk
spin density Ng; the error bars indicate the statistical un-
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FIG. 4. Correlation of the thermal modulation (TM) of the
spin density with the bulk spin density Ng for seven specimens
of a-Si:H. TM was evaluated using straight-line fits such as
shown in Fig. 3; a correction for interfacial spins was applied to
the specimens with Ng < 10'"" ¢cm ~3. The error bars indicate
the standard deviation of independent thermal cycles.
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certainties in the slope estimates. We estimate that “bulk
spins” in a-Si:H of typical device quality exhibit a
thermal modulation of (1-2)x10~% K ™!, which corre-
sponds to a deviation from Curie dependence of (2-4)%
between 100 and 300 K. Poorer specimens exhibit a
thermal modulation of nearly 4x10 ™4 K ~!. Such a sys-
tematic variation appears compatible with other inhomo-
geneities in D center effects noted in the introduction; a
microscopic interpretation is probably premature. It
surprised us that interfacial spins gave no detectible
Curie-law deviation, since we might assume that these
spins should be characteristic of poor a-Si:H. Presum-
ably the surface and bulk microstructures in a-Si:H lead-
ing to defects in the two regions are different.

We shall interpret these measurements using the con-
ventional model presented in Figs. 1 and 2. A “device-
grade” material with TM of 10 ™* K ™' corresponds to
U=0.3 eV; this fitting is essentially independent of the
measurement temperature between 77 and 400 K.
“Poor-quality” a-Si:H corresponds to a lower value
U=0.2 eV. A better way to describe the implications of
the TM data is to estimate the ratio /N;/Np of the spin
density to the total defect density Np. This ratio depends
less strongly on the particular parameters of g(E); we ob-
tained N,/Np~0.75 when TM=10"*% K~'. Thus these
temperature-dependent ESR data agree broadly with ear-
lier estimates of U based on interpretations of infrared
absorption measurements [6,7], and they support the
widespread use of the spin density /V; as an estimate for
the total density of deep levels in a-Si:H.

We now discuss the relationship of these TM measure-
ments and the earlier DWM-ESR work. Essick and
Cohen [9] reported a depletion effect AN,/An~0.14 for
the five different “‘light-soaking™ states of the specimen.
They proposed that U~0.0 eV using a similar correlation
energy model and density of states to that used here.
Their estimate for U reflects their assumption about the
Fermi level. They chose the value (n —Np)/Np=—0.5
[15], corresponding to a nominal degree of inadvertent
doping of the specimen. Equating AN;/An=+0.14
=DM, their value U =0.0 eV obtains from Fig. 2. Essick
and Cohen argued that, if the specimen were truly un-
doped and had a larger U, it would be unlikely that the
five light-soaking states (with five different spin densities)
should have yielded essentially the same value for AN,/
An. Light soaking presumably modifies (n —Np)/Np,
and thereby DM.

We interpret these measurements as follows. The
temperature-dependent measurements establish U fairly
unambiguously given a basic density-of-states model.

DWM-ESR can then be used to estimate the inadvertent
doping level in intrinsic a-Si:H; for U~0.25 eV we found
[16) that (n—Np)/Np is indistinguishable from zero
based on Essick and Cohen’s data.
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