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Luminescence, electron spin resonance (ESR), optical absorption, conductivity, and composition data are measured
on doped and compensated hydrogenated amorphous silicon. In material singly doped with boron or phosphorus, a
variety of experiments indicates the introduction of a large defect density (up to 10" cm™) of the dangling-bond
type. Compensation increases the luminescence efficiency, but the luminescence peak shifts strongly to lower energy.
Compensation reduces the ESR resonance at g = 2.0055, but a broad resonance characteristic of a hole trap
remains. We deduce that compensation reduces the dangling-bond density, but introduces a new band of localized
states above the valence-band edge. We associate these new states with boron-phosphorus complexes whose origin is
a chemical interaction occurring during deposition. Changes in the dangling-bond density with doping and
compensation lead us to propose an autocompensation mechanism of defect formation. Also reported is the first
observation of a metastable light-induced ESR signal in a-Si:H.

1. INTRODUCTION

The photoluminescence of undoped a-Si:H is now
comparatively well understood.** The dominant
transition is between states near the band edges
giving a broad luminescence peak at ~1.4 eV, and
having a moderate Stokes shift.* The intensity of
the luminescence is controlled predominately by
dangling -bond defects as observed in electron spin
resonance (ESR).2 When these are present in con-
centrations less than ~10'7 cm™, the luminescence
efficiency at 10 K approaches unity. At elevated
temperatures the luminescence is quenched by a
mechanism involving the separation of carrier
pairs followed by capture at dangling bonds.%*®
The importance of defect states in the gap for non-
radiative recombination is common in semicon-
ductors, and much effort has gone into making low
defect density a-Si:H. ‘

Electron spin resonance (ESR) in a-Si:H is also
fairly well understood.”*® The single, featureless,
and slightly asymmetric line at g=2.0055 arises
from strongly localized neutral silicon dangling
bonds randomly oriented relative to the external
magnetic field. The energy level associated with
the neutral state of this defect lies below the cen-
ter of the band gap whereas the negative state
(doubly occupied and diamagnetic) lies above mid-
gap. The spin density in undoped material, for
which the Fermi energy is near midgap, thus
equals the density of dangling bonds which can vary
from <10% cm™ down to below the level of detec-
tability (<10'® ¢m™®) depending on deposition condi-
tions.? In g-Si:H samples deposited under condi-
tions such that an observable spin signal exists in
undoped material, it is known that when doped
either p or » type (but keeping the deposition con-
ditions otherwise the same) the dangling-bond sig-
nal disappears as the Fermi level is moved to-

wards the band edges.® The decreasing ESR sig-
nal does not indicate a reduced defect density, but
rather a decreasing fraction of singly occupied de-
fects due to the shift of E, past the appropriate
energy level.'® As might be expected, for deposi-
tion conditions producing a low density of gap
states in undoped material, less doping is needed
to quench the defect ESR than for conditions pro-
ducing high gap state densities.

Light-induced electron spin resonance (LESR)
has also been useful in elucidating the gap
states.’®*! Like luminescence, LESR is a non-
equilibrium process. It reveals states which are
paramagnetic before recombination of the excited
carriers occurs. In undoped material a relatively
weak pair of lines is observed. From the corre-
lation with luminescence the broad (aH,,~ 18 G)
line at g~ 2.013 has been assigned to band-tail
holes and a narrow (AH,,~5 G) line at G~ 2.004
has been assigned to band-tail electrons.'® The
same line shapes are also observed by equilibrium
ESR in heavily doped a-Si:H (Refs. 7 and 9 and
see Sec. III) which gives additional evidence for
these assignments. The existence of these lines
in undoped material demonstrates that the states
are intrinsic to the silicon and not specifically
associated with any dopant.

One result of a low defect density is that elec-
tronic doping of a-Si:H is possible.'?!* A doping
level of typically 10™[PH,] in SiH, is required to
shift the Fermi energy up to the band tails.'* This
corresponds to a doping concentration of about 5
x10'® ¢m™ which is well in excess of what is re-
quired given the estimated density of states in the
gap that have to be compensated by the doping.'*
One reason for the excess dopant required is that
most of the impurity atoms may bond in nondoping
configurations (threefold-coordinated phosphorus
for example). In the case of As doping there is
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direct evidence that only about 10% of the As atoms

are fourfold coordinated and electronically ac-
tive.'® However, an additional reason is that the
doping process might introduce defects into the
material which therefore requires extra doping to
move the Fermi energy. There is already some
evidence that this is indeed the case. The lumin-
escence efficiency of doped samples decreases as
the doping level increases,'®!” and the lumines-
cence decay is characteristic of material with de-
fects.!® Another indication is the poor perfor-
mance of doped material for photovoltaic devices.
Part of the purpose of this paper is to provide
more detailed evidence of defect introduction by
doping and to suggest reasons why this occurs. It
is argued that studies of compensated samples can
separate the various models and new data on ma-
terial doped with different amounts of both boron
and phosphorus are presented.

There have been several studies of luminescence
in doped ¢-Si:H all of which agree on the basic re-
sult that luminescence is quenched by doping both
p and # type.'5'® At doping levels of about 1073, a
peak near 0.9 eV is observed in the luminescence
spectrum?®!” which has been attributed to a tran-
sition through defect levels, specifically dangling
bonds.!® The only report of luminescence from
compensated q-Si:H finds a peak at ~1.0 eV for
nominal doping levels of ~1.7 X103 and associates
this with the defect transition.’” In this paper we
report measurements on both doped and compen-
sated samples with doping levels in the range 0-
1072, Measurements are made of the luminescence
spectra, intensity, temperature dependence, and
time decay, as well as ESR and light-induced
ESR, optical absorption, conductivity, and com-
positional analysis.

II. SAMPLE PREPARATION
AND CHARACTERIZATION

The samples were prepared by plasma deposi-
tion as described elsewhere.? The deposition con-
ditions used were those known to give undoped
a-Si:H with very low defect density: substrate
temperature 230 °C, low rf power (2 W), and SiH,
with no carrier gas. The dopant gasses were PH;,
and B,H, prediluted in SiH,.

The dopant concentration of some samples was
measured by secondary-ion mass spectroscopy
(SIMS), and the results are given in Table I. The
measurements were made using an O™ beam to
avoid charging effects, since the samples are de-
posited on glass substrates. This reduced the
sensitivity because the sputtering rate is low.
Concentration profiles were measured in a few
cases and variations with depth of typically 20—

TABLE I. Result of SIMS measurements of !B and
3P concentrations. The enhancement factors Ep and
Eg are the ratios of the measured to the nominal con-
centrations.

Nominal concentrations Enhancement
P B Ep Ey
10-8 5.2
1073 1074 4.3 23
1073 10-3 3.5 4.2
10-3 4x10™3 9.4 4.1
1073 3
3x10-% 1073 9.3 7.1
3x1073 10-3 4.8 13.3
10-4 10-4 8 4.5
3x107% 3x107¢ 5.8 6.2

30% were found. This value is therefore taken as
the estimated uncertainty. For both boron and
phosphorus single doping the concentration is
above the molecular fraction of dopant gas in SiH,
by a factor 3 to 5. Similar enhancement factors
for boron have been reported previously by Zesch
et al.?® The results for compensated samples are
very interesting. When the boron and phosphorus
doping is at roughly equal levels, the enhancement
is close to that found for single doping. However,
when the doping levels are very different, the min-
ority species tends to be incorporated in the film
much more efficiently. The most striking example
is with the 107*[PH,], 10~¢[B,H,]| sample in which
the enhancement factor for boron is 23 compared
to about 4 for the 10-® compensated sample. A
similar increase of phosphorus is found when PH,
is the minority dopant. Evidently the deposition
process has a tendency to equalize the two dopant
concentrations in the films. It is therefore clear
that there is some cooperative reaction during the
deposition and the formation of a boron-phosphorus
pair, or some similar complex, either as a gas-
phase or surface reaction, is strongly indicated.
As we shall see, this cooperative process is evi-
dent in the luminescence data. In all the data re-
ported below the dopant levels are stated as the
molecular fraction of PH,; or B,H, in SiH, in the
reactor gas. We refer to this as the nominal dop-
ing level. The true concentrations in the material
can be estimated from the enhancement factors
given in Table L

Figure 1 shows the deposition rate for a variety
of doped and compensated samples. In agreement
with other reports® we find that boron doping sub-
stantially enhances the deposition rate such that
at a nominal doping level of 4x 1073[B,H,] the in-

. crease is about 40%. On the other hand, phos-

phorus doping seems to reduce the deposition rate.
This can be seen in Fig. 1 for two compensated
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FIG. 1. Deposition rate for doped and compensated
a-Si:H samples. The deposition time is approximately
2 h for each sample. R is the slope of the linear region
expressed as the fractional increase in the deposition
rate divided by the estimated true boron concentration
obtained using the correction factors from Table I.

samples and by comparing with undoped samples
which have a deposition rate of ~100 A/min. 1t is
therefore clear that the dopant gases have an in-
fluence on the deposition process which far ex-
ceeds their relative concentration in the plasma.
In addition the deposition rate increases particu-
larly rapidly with the addition of small quantities
of B,H, to 1073[PH, ] material. We associate this
effect to the large enhancement of the minority
dopant concentration discussed above.

Measurements of the infrared spectrum of a 107
compensated sample showed no discernible change
in the hydrogen bonding compared to an equivalent
undoped sample.?® The Si-H stretching modes
were predominately at 2000 cm™. Furthermore,
the fracture surface of a compensated sample
shows no sign of columnar growth.?®* We therefore
conclude that doping and compensation do not sub-
stantially change the sample microstructure or
hydrogen bonding.

To demonstrate that electrical compensation is
occurring, measurements of dc conductivity and
the sign of the thermopower were made. The tem-
perature dependence of dc conductivity of some
samples is shown in Fig. 2. For a series of sam-
ples with 10"*[PH,] and variable concentrations of
B,Hg, electrical compensation occurs within a fac-
tor of 2 of the nominal compensation level of
107°[B,H,] in agreement with other data.* This
particular composition was too resistive to de-
termine the sign of the thermopower or to give re-
liable conductivity because of contact effects.
However, all samples with more boron had posi-
tive thermopower, and all with less boron were
negative. As seen in Fig. 2 the conductivity in-
creases and the activation energy decreases as
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FIG. 2. dc conductivity versus inverse temperature
for various doped and compensated n-type samples. The
activation energies are indicated.

the boron concentration is reduced from the com-
pensation value. The activation energy of 0.4 eV
found for 107[PH,] and 2 X10™%[B,H,] is roughly
the same as that observed for 10°[PH,]. Even
taking into account the different dopant incorpora-
tion rates, this indicates that in the compensated
samples a much larger change in doping is re-
quired to move the Fermi energy than in lightly
doped material.

III. RESULTS
A. Luminescence
1. Singly doped samples

The luminescence peak position and intensity of
phosphorus- and boron-doped samples is shown in
Fig. 3 as a function of the nominal doping level.
The results are almost identical for the two dop-
ants. Both quench the luminescence, particularly
at doping levels above 10™, and the luminescence
becomes undetectable above 1072 At high doping
levels the defect luminescence near 0.9 eV (Ref.
19) is the dominant emission. There is a small
range of doping at which both the 0.9-eV band and
the band-edge transition are observed and an ex-
ample of this is shown in Fig. 6. The emergence
of the defect band is seen clearly by the abrupt
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FIG. 3. (a) peak position and (b) intensity of the lum-
inescence of doped samples. The dashed curves are
equivalent data reported by Fischer et al. (Ref, 16) at a
measurement temperature of 77 K.

decrease in the peak position by about 0.4 eV seen
in Fig. 3. Another feature evident from Fig. 3 is
that the peak energy of either band is not constant,
but decreases at doping levels above 103, The de-
crease is more pronounced with boron doping than
with phosphorus.

These observations are in qualitative agreement
with those reported by other groups. In particular,
similar data of Fischer et al.'® are shown in Fig.
3 for comparison. Although the trends are clearly
the same, there are notable quantitative differ-
ences. One is that the defect luminescence is rel-
atively more intense by about an order of magni-
tude. Secondly the defect luminescence dominates
at doping levels which are an order of magnitude
lower than ours and finally the peak energies are
lower, particularly those of the band-edge transi-
tion. Part of this shift may be due to the higher
measurement temperature (77 K). However,
neither of the other differences can be explained
in this way. (In our samples the ratio of the band
edge to defect peak intensities does not change by

more than 25% on raising the temperature to 80
K.) Instead we attribute them to the different dep-
osition conditions for these samples and note that
our earlier data!” using material deposited from
5 mol% SiH,-95 mol% Ar also differed from the
present data quantitatively but not qualitatively.
At present we cannot determine whether the ef-
fects are due to different dopant concentrations in
the films, different doping efficiences or to some
other mechanism. However, the comparison
serves to indicate the magnitude of the variations
that can be expected from samples prepared in
different laboratories.

Our previous measurements of luminescence de-
cay in doped samples indicated that the quenching
of the band-edge transition was due to a high de-
fect density in the doped samples.!” We have also
performed two other luminescence experiments
that lead to the same conclusion. The first is the
intensity dependence of the luminescence quantum
efficiency at an elevated temperature, specifically
170 K. In undoped samples the quantum efficiency
increases with intensity by an amount inversely
dependent on the defect density.® The reason is a
bimolecular luminescence process which competes
with nonradiative recombination through defects.
Figure 4 shows the results of this experiment for
two lightly phosphorous-doped samples in which
the enhancement observed is substantially less
than in undoped samples. The quantum efficiency
9(G) is expected to vary with excitation intensity,

T T T | T
DOPED a-Si: H
10 170K [w] |
E, =241eV
1074 [PH,]
5+ ]

Gy =0.07 mW/cm?

RELATIVE QUANTUM EFFICIENCY

| | | L
10-3 102 10" 1 10 102

EXCITATION INTENSITY G (mW/cm?2)

-

FIG. 4. The excitation-intensity dependence of lumin-
escence for two phosphorus-doped samples. G; is the
intensity at which the quantum efficiency y is doubled,
based on a fit to Eq. (1), and is a measure of the defect
density as described in Ref. 6.
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G as
¥(G)=y1+yG/B*N?), (1)

where N; is the defect density, y, is the quantum
efficiency at the limit of low G, and y and B are
constants.® The data of Fig. 4 are fitted to this
expression over the low-intensity region and the
value of G, obtained is the excitation intensity for
which

7G1=BZN§. (2)

Comparison with undoped samples indicates a de-
fect density of ~1.5 x10'® cm™ for 10™5[PH,] and
~10'" ecm™ for 10™[PH,] compared with ~3 x 10'°
cm™ in the undoped material prepared under the
same deposition conditions.

The second experiment is the temperature de-
pendence of the luminescence intensity which is
shown in Fig. 5. At this point we are interested
in the comparison of the undoped sample and the
sample doped 10~ PH,] and 10~ PH,]. Although
the doping reduces the low-temperature efficiency
by one or two orders of magnitude, the sets of
data converge at about 200 K. Similar behavior is
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FIG. 5. Temperature dependence of luminescence in-
tensity of various samples. The data are not corrected
for the shift of the luminescence peak with temperature.
Note that the intensities converge at high temperature
except that of the defect luminescence.

found inundoped material with differing defect den-
sities.® This effect is interpreted as atransfer of the
dominant nonradiative mechanism from tunnelling
to defects at low temperature, to thermal ioniza-
tion at high temperature.® The equivalent results
of the doped samples strongly suggest that the
low efficiency is due to an increase in the defect
density and that the nonradiative mechanism is es-
sentially the same as in undoped samples. From
this conclusion we can estimate the defect density
in the doped samples from the known relation be-
tween the luminescence intensity and the spin den-
sity in undoped material. In this way we obtain a
defect density ~3 X107 cm™ at a doping level of
about 10" in rough agreement with the results of
Fig. 4. Further evidence for a high defect density
in doped material is obtained from light-induced
ESR measurements as described in Sec. IIIB.

2. Compensated samples

One reason for studying compensated samples
is that they allow one to vary the doping and the
position of the Fermi level independently. Based
on the conclusion that doping introduces defects,
it is important to know whether the defects are a
consequence of the Fermi-energy position or sole-
ly of the chemistry of the deposition process. Our
results concentrate on fairly heavy doping levels
(above 10™) because these samples show the larg-
est effects. Figure 6 shows examples of lumines-
cence spectra of samples doped 10~[PH,] and com-
pensated with various amounts of boron. Figure 7
shows the peak position, intensity, and linewidth
for the complete set of samples in this series,
and Fig. 8 shows equivalent data for samples with
107%[B,H,] and variable phosphorus compensation.
In both series compensation tends to increase the
luminescence efficiency. For constant phosphorus
(Fig. 7) the maximum luminescence occurs for 2
x10"Y[B,H,] and the efficiency increases by about
an order of magnitude. In the other series the
peak is at the nominal compensation level, and the
increase is less, about a factor of 3.

At the nominal compensation the luminescence
spectrum peaks at 1.02 eV in agreement with mea-
surements by Austin et al.'" Inspection of Fig. 3
shows that the defect luminescence line is at about
this energy in 107[B,H,] material although it is at
0.9 eV in the equivalent phosphorus-doped mater-
ial. (Note that we do not consider these differen-
ces in energy of the defect peak to be significant
because of the steady variation of energy with dop-
ing level shown in Fig. 3.) Thus a plausible inter-
pretation is that the defect line is dominating in a
compensated material as was deduced by Austin
et al.'” However, this turns out to be an incorrect
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FIG. 6. Examples of luminescence spectra of doped
and compensated samples. The spectra are normalized
to the same peak height. The true relative intensities
are given in Fig. 7.

deduction as is shown from the various observa-
tions described below.

In Fig. 7 it is seen that peak energy of the com-
pensated samples varies with the compensation
level. Reducing the boron content increases the
peak energy steadily, and the extrapolated value
corresponds to the band-edge transition, rather
than the defect line. These trends are evident .in
the spectra of Fig. 6. Furthermore the linewidth
of the spectrum decreases rapidly with compen-
sation by boron (Fig. 7) to a value of 0.25 eV. This
is much less than the known width of the defect
band (~0.35 eV) (Ref. 19) but similar to that of the
band edge transition in undoped samples. The
spectra of the lightly compensated samples are
also asymmetric (see Fig. 6) which we interpret
as indicating the remanent of the defect line whose

0.45
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L =241eV
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0 i\ [ | [ 1
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LUMINESCENCE INTENSITY
-~

FIG. 7. Luminescence parameters of a compensation
series with constant phosphorus (10~3[ PH;)) and variable
boron concentrations: (a) spectral width, (b) peak posi-
tion, and (c) luminescence intensity normalized to the
intensity (=unity) of undoped samples. Note the logarith-
mic doping scale.

relative intensity is decreasing rapidly with com-
pensation. Our conclusion is that the peak in the
compensated sample is derived from the band-edge
transition with a continuous evolution of this peak
down in energy as the boron concentration in-
creases.

The same conclusion holds for the series with
constant boron and variable phosphorus, shown
in Fig. 8. In this series the luminescence peak
does not shift up in energy so much, but there is
a distinct discontinuity between the 107[B,H,] sam-
ple and the 107%[B,H,], 10™[PH,] material. The
small shift is probably because the band-edge peak
is already unresolved from the defect line in the
107%[B,H,] sample. However, the change in the
character of the band is more noticeable in the
linewidth which decreases rapidly with compensa-
tion, again reaching a value of 0.25 eV. As be-



24 DEFECT STATES IN DOPED AND COMPENSATED «-Si:H 975

0.45 m—/ —
! s | — — T 1073[PH,1 0.9 eV
: > —~
@ 1.0 10-3 ™~ ~ 1
RN z ) OMPENSATED
5 \ E
_ \ % 091 ~
> e UNDOPED \
=235 < \
o % < . 1 n
= w 0.8
5 ) 100 200
X030 TEMPERATURE (K)
o= (a)
2
w i
0.25 4
/] — ;
v t

PEAK
POSITION (eV)
5.
o
[ ]
jr
1

09— i
>
=
w
Z 0.03F —
¢
z (c)
S 0.02 -

02+ (3
Z °
Q -
2 -
2001 o .
s .
3

L./ |
TCN 10-4 1073

NOMINAL DOPING [PH4)

FIG. 8. Luminescence parameters of a compensation
series with constant boron (10'3[B2H6]) and variable
phosphorus concentrations: (a) spectral width; (b) peak
position; (c) luminescence intensity normalized to the
intensity (=unity) of undoped sampled; and (d) tempera-
ture dependence of the peak energy for the nominally
compensated samples compared to the undoped band-
edge transiton and the 0.9-eV defect peak.

fore, we attribute the decrease to the disappear-
ance of the defect transition.

There are various other pieces of experimental
evidence that the luminescence in the compensated
material has a different character from the 0.9-eV
defect peak and evolves continuously from the band-
edge transition. Figure 5 shows temperature-de-
pendence data. The thermal quenching of the com-
pensated sample converges with that of undoped
a-Si:H above 200 K, indicating that the mechanism
of thermally activated ionization of electrons is
essentially unchanged.® On the other hand the
quenching of the 0.9-eV defect line occurs at a
higher temperature and has been associated with
an electron trapped at a deeper state.'®

The inset in Fig. 8 shows the temperature de-
pendence of the luminescence peak energy for the
107% compensated sample compared to that of the
0.9-eV defect peak, and the band-edge peak in un-
doped samples. The defect peak has approximate-
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FIG. 9. Luminescence peak position for nominally
compensated samples of differing doping level (left-
hand scale). Also shown in the optical gap E defined as
the energy at which « =10" cm~! for the same samples
(right-hand scale). Note that the luminescence peak
shift is about five times larger than that of E.

ly the same temperature dependence as the optical
band gap.'® However, the peak in the compensated
sample has a substantially larger temperature de-
pendence, which is also a characteristic of the
band-edge luminescence peak.® Thus again the
compensated sample is found to have the character
of the band-edge transition.

In Fig. 9 we show the luminescence peak energy
for nominally compensated samples as a function
of the doping level. The continuous evolution of
the peak from the value of ~1.4 eV in undoped ma-
terial is now clearly evident. Up to doping levels
of 10™ the shift is small but at the highest limit
investigated (3 X107®) the shift is almost 0.5 eV.
This large and continuous change is one of the
most striking features of the compensated mater-
ial. The same tendency is seen in the singly
doped material, but the effect is much smaller,
as can be seen by comparing Figs. 3 and 9. Fig-
ure 10 shows the enhancement of the total lumi-
nescence intensity for nominally compensated
samples compared to the equivalent doped sam-
ples. There is an increase of efficiency at all
doping levels with the relative change getting larg-
er as the doping level increases.

Finally in Fig. 11 is shown the luminescence de-
cay of a 10°[PH,], 1.5 X10™[BH,] compensated
sample compared to the decay ofthe 0.9-eV defect
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the decay of undoped samples (a). The arrow indicates
where the slope of the decay is —1 and is a rough meas-
ure of the average decay time. The insert shows the
decay after a long (5-msec) pulse for the same samples.

band in a 107[PH,] sample and to an undoped sam-
ple. The decay is measured at the peak of the
luminescence spectrum using a cooled Ge detector
with a minimum time constant of 300 nsec. The
arrows in Fig. 11 indicate the time at which the
intensity decays as ¢™ and is a rough measure of
the peak in the distribution of decay times.® In the
compensated sample this time is about an order of
magnitude lower than in the undoped sample. How-
ever, the decay is broader and the intensity does
not drop sharply until ~1 msec, so that the mean
lifetime is in fact not much below that of the un-
doped samples. This result is confirmed by mea-
surements of the decay after a long excitation
pulse, also shown in Fig. 11, which is a more di-
rect measurement of the mean decay time. The
similar decay times and the broad distribution of
the undoped and compensated sample suggests that
the same mechanism operates, namely radiative
tunnelling, and that the electron states are similar
in the two materials. The 0.9-eV defect peak also
has a distributed decay, but a substantially small-
er mean lifetime. A curious feature of the decay
in the compensated sample is that despite the
fairly low quantum efficiency (5% of the undoped
sample), there is no sign of an initial fast nonra-
diative process. The most likely explanation
seems to be that the nonradiative decay is suffi-
ciently fast that it is not detectable given the time
constant of the apparatus. This perhaps indicates
a modified nonradiative mechanism compared to
that operating in undoped samples, and requires
further investigation.

B. Electron spin resonance
1. Singly doped samples

The samples used for the single doping sequence
were deposited on 5X10 mm? Corning 7059 sub-
strates to a thickness ~7 um. For reasons de-
scribed below, no light was allowed to fall on the
samples on cooling to, or initially measuring at,
30 K. For the deposition conditions used, no
equilibrium ESR signal due to the sample is ob-
served for doping less than ~10™%, From a massive
sample of about 50 mg deposited on aluminum foil
we know that the spin density N, <3 X10'° cm™ for
the undoped sample of this sequence. At doping
levels above ~107, equilibrium ESR is observed
in both p- and n-type samples, with a spin density
which increases rapidly with doping. As shown in
Fig. 12(a), boron doping gives a broad line at g
=2.013 and phosphorus doping a narrow line near
£=2.004, and similar results are reported by
others.”® Since at these doping levels the Fermi
energy is very near the band edge, the data con-
firm our previous identification of these ESR lines
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FIG. 12, (a) Equilibrium ESR data for heavily doped
a-Si:H; (b) ESR spectra showing the absence of an equi-
librium (dark) signal, the LESR line and the residual
line.

as band tail holes and electrons. Our identifica-
tion of these lines is opposite to that previously
suggested by Kaplan,® based on a comparison of
the g shifts in amorphous and crystalline Si.
Figure 12(b) shows a sequence of ESR experi-
ments for two representative samples. The “dark”
curves are ESR signals before any optical excita-
tion. The “light” curves are obtained during
647.1-nm irradiation. Finally, the “residual”
curve is a metastable signal that remains after the
illumination is stopped, and is discussed further
below. In Fig. 13(a) we show a plot of the LESR
spin densities for a constant excitation intensity
of ~150 mW/cm? at 647.1 nm. The spin densities
are obtained from the data by assuming that the
spins are distributed uniformly through the sam-
ples. The absorption depth at 30 K for 647.1 nm
is about 3 um, and we further neglect the varia-
tions which might arise from absorption edge
shifts from sample to sample. Under these cir-
cumstances the spins are clearly not uniformly
distributed. However, the errors involved in these
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FIG. 13, LESR data for singly doped a-Si:H showing
(a) the spin densities; (b) the peak-to-peak widths; and
(c) the g values. The broad line is represented by
squares and the narrow lines by circles. The closed
data points in (a) are equilibrium ESR data on the only
samples with detectable signals.

assumptions are reduced by the fact that the inten-
sity dependence of LESR is strongly sublinear.!* In
any case, because the LESR spin densities depend
on the lifetimes of the optically excited paramag-
netic states, and so measure an undetermined
fraction of the states, we can determine here only
trends in the density of states associated with the
nonequilibrium process. The measurements are
carried out at 30 K because, (1) as shown in ear-
lier work, 30 K is low enough that the lifetimes
have become approximately temperature indepen-
dent,? whereas (2) 30 K is high enough that the
ESR signals are negligibly affected by saturation
at the lowest usable microwave powers.®

Figure 13(a) indicates that as doping increases,
either p or » type, the narrow and broad spin den-
sities increase over that of the undoped material,
In general the p-type material contains both broad
and narrow lines in roughly equal density, while
in n-type material the broad line is absent at dop-
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ing levels above 10°[PH,]. The g values and widths
are shown in Figs. 13(b) and (c¢) for different dop-
ing levels. In undoped samples the narrow line is
below g=2.005 with AH~5 G and is attributed to
conduction band tail electrons.!® With increased
doping both the g value and AH get larger. We at-
tribute this result to an increasing dangling-bond
contribution at g~ 2.0055. Unfortunately the two
lines are never resolved in the ESR spectra, and
we believe that this is because their width is larg-
er than their separation (~2 G). The interpretation
of the data is further complicated by a continuing
shift to larger g value at high doping level. We
presume that this shift of the dangling-bond posi-
tion is due to the high dopant concentration or to
the high carrier density. This model of the change
in character of the narrow line is supported by the
increasing LESR spin density which contrasts with
our expectation that the band tail resonance will
decrease in density with doping because the lum-
inescence lifetime decreases. Also previous re-
sults on 107[PH,] and 10-*[B,H,] demonstrate the
dangling-bond character of the narrow line through
the temperature dependence of the LESR.!°

2. Compensation

Figure 14 presents the results of LESR in com-
pensated samples, none of which has any detect-
able equilibrium ESR at 30 K. In this figure, the
spin densities are plotted on a linear scale for
samples about ~1.2 um thick. The LESR generally
consists of two signals, the dangling-bond line (g
=2.0055, AH,,~"7.5 G) and a broad line at higher
g values. An outstanding feature of the LESR var-
iation with doping is the disappearance of the
dangling-bond line at the nominal compensation
value. Since the defect signal is absent in both
LESR and ESR, and Ej is near midgap, we can
conclude that the dangling-bond density is greatly
reduced. In this sense the compensated material
is similar to undoped material. Deviations in
doping away from compensation seem to indicate
that p-type material has a greater dangling-bond
density than n-type which is a similar result as
the singly doped samples at the high doping levels
[see Fig. 13(a)].

Although the broad line in the compensated ma-
terial appears to be the same as in undoped and
singly doped samples, in fact it has several dif-
ferent properties. Firstly, the spin-density peaks
near nominal compensation whereas the results
in Fig. 13(a) show the broad line increasing as E
moves towards the band edge. Secondly, the broad
line in singly doped samples is symmetric and
stays symmetric in saturation. The broad line in
compensated samples on the other hand, is asym-
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FIG. 14. LESR data in compensated samples. (a) g
values and spin densities of 10=3[B,H,] and variable bor-
on concentrations. (b) g values and spin densities of
10'3[PH3] and variable boron concentrations. (c) g val-
ues and spin densities of nominally compensated samp-
les.

metric with a tail towards high g values. Satura-
tion enhances the asymmetry, with the high g-val-
ue components of the line saturating at lower pow-
er, A final observation about the broad LESR line
is the larger g values (above 2.015) with a distinct
shift to lower g values as E, moves toward the
conduction band (for both series of double doping).
The maximum observed shift brings the line center
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to a g value characteristic of the broad line in
singly doped samples. From these differences
we infer that the states giving the broad line in
compensated samples differ from the states in un-
doped or singly doped material. However, be-
cause the changes are slight, we expect that their
general description as hole traps is preserved.

In Fig. 14(c) we plot the results of LESR in the
series of samples, all nominally compensated,
with increasing total level of dopant. For dopant
concentrations above 5 X10™, the observations of
the preceding section are essentially repeated.
The resonance consists of the broad line with g
value shifted above 2.015, and the defect line is
absent. For dopant concentrations below 3 X10™,
the g value and intensity of the broad line decrease
rapidly. Simultaneously, the narrow defect line
emerges. This behavior qualitatively resembles
the rapid shift in luminescence peak energy dis-
cussed in Sec. IITA.

3. Residual ESR

A new and interesting feature of the ESR data is
that when the light is turned off, an appreciable
signal remains. This residual signal can be seen
with remarkably weak illumination because it is
generated with approximately unity quantum effi-
ciency initially but quickly saturates at a total
number of spins which is proportional to the sam-
ple thickness indicating a bulk rather than surface
effect. The signal anneals out in a few minutes at
~80 K. Figure 15 shows the residual signals ob-
served in the same set of samples as in Fig. 13.
Equivalent residual signals are observed in the
compensated samples. The variation of spin den-
sity with doping is qualitatively similar to the
LESR. Again there is a doping-related increase
of the defect signal over the undoped density. The
spin densities are about a factor of 5 smaller than
and approximately proportional to the LESR sig-
nals. We note that both residual hole and electron
centers are observed in p-type material, whereas
only the hole line is ever observed in the annealed
equilibrium signal.

At present we do not have a clear interpretation
of the residual signal, and this effect deserves
further study. The data demonstrate that carriers
can be excited, whose lifetime is indefinitely long
at low temperatures. This is a remarkable re-
sult in the case of the narrow electronlike reso-
nance in the p-type material, because one would
expect that the large density of holes would ensure
that the minority carriers would recombine very
rapidly. A possible explanation is that carrier
diffusion tends to separate the electrons and holes
by a reasonably large distance, either because of
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FIG., 15. (a) Spin densities, (b) peak-to-peak line-
widths, and (c) g values of the residual ESR signal in
singly doped samples.

a surface space charge, or because of their very
different mobilities. Microstructural inhomogen-
eities may also be involved. If the dielectric re-
laxation time at 30 K is sufficiently long, the non-
equilibrium carriers may be metastable because
no recombination channels are available.

C. Optical absorption

In view of the large changes in the luminescence
peak position, it is of interest to determine the
shift of the optical gap in the doped and compen-
sated samples. Figure 16(a) shows examples of
part of the absorption edge of a 10™[PH,] sample
and a 10°[PH,], 4 X10™¥[B,H,] sample. The addi-
tion of boron shifts the absorption to low energy
and also broadens the edge. The energy E,, at
which the absorption coefficient is 10* ecm™ is -
shown in Fig. 16(b), for the complete compensa-
tion series. There is a systematic shift of the
band gap by about 0.1 eV. As can be seen by com-
paring Fig. 16 with Fig. 7 the shift of E,, is much
smaller than the corresponding shift of the lum-
inescence peak but the boron dependence is of



980 R. A. STREET, D. K. BIEGELSEN, AND J. C. KNIGHTS 24

I
(a) I

5 X 10* |- DOPED a-Si: H
ROOM TEMPERATURE
OPTICAL ABSORPTION

T I T (

1073 [PH,]
+4X1073 [B, Hy]

£
= 1073 [PH,]
° 104 - 3 _
5 X 103 |- —
| | | |
1.8 2.0 2.2
PHOTON ENERGY (eV)
| T \ T
1.90 DOPED a-Si: H
1073 [PH,]
S
=
<
o
w
1.80( |
| | 1 |
0 2x 1073 4x1073

NOMINAL DOPING (B, Hg]

FIG. 16, (a) Portion of the absorption edge of two
doped and compensated samples. (b) Value of Ey; (ener-
gy at which o =10? em™~1) for a compensation series.

similar form. We find a similar result for the
series of nominally compensated samples as
shown in Fig. 9. Again the shift of E, is propor-
tional to the shift of the luminescence peak, but
the shift of the luminescence is 4-5 times larger.

IV. DISCUSSION
A. Summary

The ESR data indicate that the dangling-bond
density increases with doping, but is reduced by
compensation, and that compensation introduces
new hole states. From the luminescence data we
infer that doping introduces nonradiative defects.
Compensation apparently reduces the defect den-
sity, but the luminescence energy is strongly
shifted in energy, which indicates the presence of
new localized states. In Sec. IVC we argue that
the new states are hole traps. Thus the results
of the two experimental probes merge into a sin-
gle consistent model with the following properties:

(a) Doping introduces nonradiative defects of the
dangling -bond type, and compensation reduces
their density.

(b) Compensation results in new hole traps above

the valence band from which radiative recombina -
tion can occur.

The remainder of this section describes the evi-
dence for this model in more detail, and discusses
the reason for the change in the localized state
distribution and density.

B. Doped samples and mechanisms of defect
incorporation

The data presented here coupled with previous
results provide very strong evidence that doped
samples have a much larger defect density than
the corresponding undoped samples. The obser-
vation of a large decrease in the luminescence
efficiency is in itself a clear indication of an in-
crease of nonradiative states in the gap. The tem-
perature dependence (Fig. 5), intensity dependence
(Fig. 4), and decay data provide further evidence
of additional states in the gap. In addition the
presence of the 0.9 eV defect luminescence, the
observation of the g=2.0055 LESR resonance and
the correlation of their temperature dependen-
cies,'? all indicate that the states in the gap are
predominantly of the dangling-bond type. Unlike
the undoped samples, we do not have an accurate
measure of the defect density in the doped samples
from the dark ESR. However, we can make an
estimate by assuming that the same relation be-
tween luminescence efficiency and dangling-bond
density holds as in the undoped samples. This
assumption remains to be confirmed but a similar
procedure has been used by Austin ef ql.° Analyz-
ing the data on this basis gives the results shown
in Fig. 17. The LESR spin density depends on the
light intensity and represents an unknown fraction
of the defects. This measurement is therefore
only a lower limit, and is also shown in Fig. 17
with consistent results. These data show that dop-
ing introduces a very large density of defects, of
order 1% of the doping concentration. This con-
clusion is consistent with the general observation
that doped a-Si:H has rather poor electrical prop-
erties.

There seem to be two plausible explanations for
the increase in dangling-bond density with doping.
It is well known that for undoped samples the
dangling -bond density is very sensitive to the dep-
osition conditions,? and densities ranging over
three orders of magnitude can result. Thus it is
possible that the presence of the dopant gases PH,
and B,Hg may alter the plasma chemistry in such
a way that films with a very large dangling-bond
density result. Some evidence for a large effect
of the dopants on the plasma properties is the
change in deposition rate observed for both dopant
gases shown in Fig. 1. Also the results from var-
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FIG. 17. Estimated defect density obtained from the
luminescence and ESR data as described in the text.

ious laboratories differ in the amount of dopant
required to quench the luminescence (see Fig. 3).
However, the infrared spectra give no evidence of
a gross change in the bonding configurations of the
compensated material, and columnar growth, usu-
ally associated with a high defect density, is not
observed.

The alternative explanation of the defects is that
they are an inherent consequence of the shift of
the Fermi energy. This is the mechanism of
autocompensation which is well known to occur in
II-VI and III-V crystalline semiconductors. The
defects are incorporated because they tend to
move the Fermi energy towards midgap thereby
reducing the total electronic energy. For exam-
ple, in the absence of defects, a phosphorus donor
has an electron in the donor level, believed to be
within the conduction band tail.***?* On the other
hand, if the donor is compensated by a dangling
bond, the extra electron will move to the dangling-
bond level which is believed to be 0.2-0.4 eV lower
in energy.'® The energy gained makes the forma-
tion of dangling bonds more favorable.

Within the autocompensation model it is possible
that the defects are formed in direct association
with the dopant as a defect-impurity complex.
Such complexes are well known in crystalline
semiconductors and are generally believed to be
the origin of the autocompensation mechanism.?
The vacancy-impurity complex is the prime ex-
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(a) (b)

FIG. 18, Possible structures for impurity-defect com-
plexes in doped a -Si:H.

ample of such a defect, and its structure in crys-
talline silicon is shown in Fig. 18(a).?® It is of
interest to the present case because the defect has
the following properties:

(1) 1t leaves the impurity in its favored valence
configuration (i.e., threefold-coordinated phos-
phorus). It is generally believed that a large frac-
tion of dopant atoms in ¢-Si:H will be in this bond-
ing configuration.

(2) It results in a defect with dangling -bond
character because the two remaining dangling
bonds reconstruct. Thus the defect will have the
correct electronic properties.

(3) It maintains the fourfold coordination of the
surrounding matrix. The defect therefore has the
correct topology for the surrounding lattice.

In an amorphous network the structural con-
straints on the type of defect are reduced com-
pared to the crystal. A similar defect can be ob-
tained simply by substituting a phosphorus atom
for a silicon atom, and disturbing the network
slightly, as illustrated in Fig. 18(b). In addition,
for defects of the type shown in Fig. 18(a), one
might expect hydrogenation, rather than recon-
struction of the additional dangling bonds. A wide
variety of related structures is clearly possible.

We therefore propose that the most likely mech-
anism.of defect incorporation is a combination of
autocompensation and the formation of complexes.
We assume that both tend to lower the energy for
defect formation E, which we can write as

ED=E%"'AE1—AE2’

where EJ is the formation energy in undoped ma-
terial, AE, represents the electronic contribution
from the difference between the donor level and
the defect level, and AE, represents the lower en-
ergy for the formation of a complex. Of course,
since the plasma deposition process is not in
thermodynamic equilibrium, the defect energy is
not the only factor determining the concentration.
However, additional defects will certainly be fav-
ored if the energy is lowered.
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One method of distinguishing between different
mechanisms is by compensation. In this way the
impurity density can be changed independently of
the Fermi energy position. The discussion of the
defects will therefore be continued after the com-
pensated material has been discussed.

C. Compensated material

The two important features of the luminescence
data of compensated samples are the shift of the
peak to low energy and the change of intensity.
The shift of the luminescence is much larger than
the shift of the optical gap as measured by E,,,
and so the transition must involve some localized
states of larger binding energy than in undoped
samples. Despite this the temperature dependence
of the luminescence intensity is the same as for
an undoped sample of comparable quantum effi-
ciency. Since the thermal quenching is interpreted
as the thermally activated diffusion of electrons in
the band tails,*® the results indicate that the con-
duction band tail is not significantly broadened.
We also find that the luminescence radiative decay
in compensated samples is similar to the undoped
samples. This result again suggests little change
in the conduction band tail, because the decay
times are believed to be determined by the electron
wave function.® Drift mobility measurements also
find that the donor levels are located within the
conduction band tails which is itself not greatly
modified by doping.?* If the conduction band tail
is unchanged then we must conclude that the shift
of the luminescence is due to the presence of addi-
tional states above the valence band. We suppose
that a broad band of states are introduced as a re-
sult of compensation. As the density of these
states increases, holes will be able to thermalize
further into the gap, explaining the progressive
shift to low energy of the luminescence peak. The
model is shown schematically in Fig. 19. The
extra states will give an extrinsic absorption band
which readily accounts for the broadening and
shift of the absorption edge.

The experimental results show that there is a
similar, but smaller shift to low energy of the
luminescence in singly doped material at doping
levels above 1073 (see Fig. 3). It is also known
that there is a broad extrinsic tail to the absorp-
tion edge, particularly in the boron doped mater -
ial.?+?® Photoemission also gives direct evidence
of states above the valence band in material doped
by PH,.?° It seems therefore that states above the
valence band may be a general consequence of
heavy doping. However, it is clear that in the
compensated samples the effect of the two dopants
are not simply additive, but there is some coop-
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FIG. 19. Schematic density-of-states diagram showing
the suggested states above the valence band introduced
by compensation, The arrows are intended to illustrate
the mean energy to which holes thermalize, The shift of
this energy would explain the change in the luminescence
peak energy.

erative process that leads to the much larger shift
of the luminescence. We have already shown from
the SIMS measurements of concentrations in Table
I, that there is a cooperative mechanism that tends
to equalize the boron and phosphorus concentra-
tions. We therefore suggest that the states above
the valence band in the compensated material

arise from boron-phosphorus pairs, or some other
complex involving both impurities. Donor-acceptor
nearest-neighbor pairs are strongly favored by the
Coulomb interaction and are common in semicon-
ductors (e.g., CdO in GaP).3! Such a complex in
a-Si:H might reasonably be expected to act as a
hole trap. However, in the absence of any micro-
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scopic structural data to identify the center, we
have no further confirmation of this model. We
also note that Reimer ef ql.?? have deduced from
proton NMR that boron clustering occurs in B-
doped ¢-Si:H. This is another indication that dop-
ant incorporation is a complex process.

These states above the valence band replace the
band tail as the hole states participating in the
radiative transition and therefore explain the shift
of the peak. The states are therefore not expected
to also determine the nonradiative processes for
which some other states, such as dangling bonds,
are presumably responsible. One of our major re-
sults is that compensation increases the lumines-
cence efficiency. The increase is by a factor of
10 and 3.5 for the series shown in Figs. 7 and 8,
respectively. Based on the model that the nonra-
diative recombination occurs through states in the
gap, we conclude that compensation decreases the
density of these states. However, compensation
is not fully effective in restoring the luminescence
intensity and this indicates that even in the com-
pensated samples some nonradiative centers re-
main.

In the compensation series the maximum lum-
inescence intensity occurs at the nominal compen-
sation level in the data of Fig. 8 (variable PH,),
but on the n-type side for the series shown in Fig.
7 (variable B,Hg). These results can be under-
stood qualitatively on the basis of two counteracting
mechanisms. These are that compensation tends
to decrease the defect density, whilst the addition-
al doping tends to increase it. We believe that
boron is more effective at introducing defects than
phosphorus at these high doping levels, and the
evidence is that above 107 doping the luminescence
decreases faster in boron doped material. Thus
in the series with variable B,H; the maximum lum-
inescence intensity is shifted towards lower levels
of boron.

The LESR data provides some specific informa-
tion about the localized states in the samples and
strongly supports the above model. We find that
the dangling -bond density decreases upon compen-
sation and is in fact undetectable at nominal com-
pensation. In the compensated series the LESR is
dominated by the broad resonance near g=2.015
which we have attributed to hole states of different
origin from those observed in undoped samples.
The model proposed above is that compensation
introduces additional hole states above the valence
band to which holes thermalize rapidly. We there-
fore associate the broad resonance with these ra-
diative states since the maximum observed LESR
spin density occurs near the compensation point
where the maximum luminescence intensity also
occurs. As described above, these states are be-

lieved to have a different microscopic origin than
the hole states in undoped material and we suggest
that the small change in ESR line shape is an in-
dication of the different character.

D. Origin of the defect states

We now return to the question of the mechanism
by which defects are incorporated in doped mater-
ial. The compensated samples demonstrate that
the dangling-bond density decreases as the Fermi
energy is moved towards midgap. This result
rules out any model that relates the defect density

" solely to the presence of dopants. Instead we be-

lieve that the changes with doping and compensa-
tion provide good evidence for the autocompensa-
tion mechanism suggested in Sec. IVB. However,
the properties of the material are complicated by
the observation of extra localized states, believed
to be hole traps, introduced by the presence of
both dopants. Those states are in addition to any
impurity -defect complexes, etc., that might occur
in singly doped samples.

It is clear that as more components are added
to the material, the number of possible defects
greatly increases. Much more work needs to be
done to confirm the identity of the dominant defect
states. For technological uses it is obviously de-
sirable to find some way of reducing the density of
states in the gap in doped @-Si:H. Since our re-
sults suggest that the defect states are largely an
intrinsic result of doping through the autocompen-
sation mechanism, it may prove difficult to reduce
their density.

V. CONCLUSIONS

Measurements are reported of the luminescence,
ESR, optical absorption, conductivity, and com-
position of ¢-Si:H doped and compensated with
phosphorus and boron. From the data various
properties are inferred.

(1) Doping with either phosphorus or boron intro-
duces dangling-bond-type defects into the material.
The density of defects is of order 1% of the dopant
concentration, but this value may be sensitive to
the deposition conditions.

(2) Various mechanisms for the introduction of
defects are discussed. The evidence of the com-
pensated samples indicates that autocompensation
is an important mechanism. We suggest that the
dangling-bond defects are likely to enter the struc-
ture as defect-impurity complexes, and some pos-
sible configurations are suggested.

(3) Compensation reduced the dangling -bond den-
sity. The reduction is seen directly by ESR and by
inference from the increase in luminescence effi-
ciency. Compensation also introduces new states



984 R. A. STREET, D. K. BIEGELSEN, AND J. C. KNIGHTS 24

above the valence-band edge. We suggest that the

microscopic origin of these states is a boron-phos-

phorus complex.

(4) A metastable, residual ESR signal is dis-
covered in doped and compensated ¢-Si:H after
illumination at low temperatures. Charge separa-
tion by diffusion is a possible explanation.

(5) The broadening of the optical-absorption edge
is attributed to extrinsic absorption from the hole
states introduced by compensation.

(6) The composition of compensated samples for
specific dopant gas concentrations is not simply
related to the equivalent singly doped material.
Instead there is a cooperative interaction which
tends to equalize the dopant concentrations.

(7) The dopants change the deposition rate by an

amount which greatly exceeds their relative con-
centration in the films. These last two results il-
lustrate the complexities of the plasma chemistry
during deposition.

Note added in proof. Recent measurements of
the extrinsic absorption tail in these samples by
Jackson and Amer (unpublished) agree with the
defect densities obtained from the luminescence
data as shown in Fig. 17.
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