PHYSICAL REVIEW B

VOLUME 25, NUMBER 8

15 APRIL 1982

Direct measurement of gap-state absorption in hydrogenated amorphous silicon by
photothermal deflection spectroscopy

Warren B. Jackson and Nabil M. Amer
Applied Physics and Laser Spectroscopy Group, Lawrence Berkeley Laboratory, University of California, Berkeley, California 94720
(Received 3 September 1981; revised manuscript received 1 December 1981)

We have measured the subgap optical absorption of undoped, singly doped, and compensated
hydrogenated amorphous silicon down to 0.6 eV using the sensitive technique of photothermal
deflection spectroscopy. We show that this absorption is due to silicon dangling-bond defects lo-
cated ~1.3 eV below the conduction band. While doping also creates defects ~1.3 eV below
the conduction band, compensation removes them. The results suggest that for the undoped
material the density-of-states maximum found in field-effect measurements is due to silicon

dangling bonds.

In amorphous semiconductors, the optical absorp-
tion of defects and impurities is most readily ob-
served below the band edge since it is not obscured
by the much larger band-to-band absorption. Conse-
quently, subgap absorption spectra should provide in-
formation about the number and energy level of de-
fects in these materials. Although such measure-
ments have been made on chalcogenide glasses,!
none of those made on hydrogenated amorphous sil-
icon (a-Si:H) are reliable because of experimental
limitations. The films are typically 1 um thick and are
not optically homogeneous, making conventional
transmission and reflection measurements of absorp-
tion coefficients « unreliable? below 50—100 cm™.
Derivation of the absorption from photoconductivi-
ty>* requires reliance upon the experimentally unver-
ified assumptions that the efficiency-mobility-lifetime
product nu7 is independent of photon energy.® We
have recently developed the highly sensitive
(al ~1078) technique of photothermal deflection
spectroscopy (PDS)® which directly measures the op-
tical absorption, which is highly insensitive to scatter-
ing,” and which does not rely on the above assump-
tion. We have found an absorption tail extending in
the forbidden gap down to 0.6 eV. We show that the
source of this absorption is silicon dangling-bonds de-
fects which are located ~1.3 eV below the conduc-
tion band. Furthermore, we find that doping intro-
duces defects at the same energy level and with ap-
proximately the same cross section.

A detailed description of PDS has been published
elsewhere,® and our samples were 1-2-um undoped,
singly doped, and compensated films deposited by rf
glow discharge as described in Ref. 8.

Figure 1 shows the effect of increasing the rf
power density on the absorption tail of undoped ma-
terial while keeping the substrate temperature fixed.’
As the 1f power increases, the strength of the subgap
absorption tail increases in a monotonic fashion. A
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progressive decrease in the slope of the exponential
edge as the 1f power increases is also observed.!®

The effects of doping and compensation on the ab-
sorption spectra are summarized in Fig. 2. In Figs.
2(a) and 2(b) we give the results for PH3- and B,H,-
doped films. The subgap absorption tail rises as the
doping level is increased, while the slope of the ex-
ponential edge decreases as the dopant concentration
is increased.

To separate those effects due to dopant incorpora-
tion from the effects due to shifts in the Fermi level,
we measured « for a series of compensated films
prepared by fixing the PH; concentration and gradu-
ally increasing the B,Hg concentration [Fig. 2(c)].
Note that the magnitude of the subgap absorption de-
creases as the degree of compensation increases.
Concurrently, there is a pronounced shift to lower
energies and a broadening of the exponential region.
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FIG. 1. Absorption coefficient vs energy for undoped a-
Si:H for various rf powers, substrate temperature
T,=230°C.

5559 ©1982 The American Physical Society



5560 RAPID COMMUNICATIONS 25

T T T T T T T T T !

10*l-  Phosphorus - doped (a) i

IO4; Boron-doped (b) ]
| ]
3
F 1
E . 1
0
10" | 6 =

1 1
04 0.8 1.2 1.6 2 24
Energy (eV)

FIG. 2. Absorption coefficient vs energy for various
dopants: (a) PH;-doping concentration of the films is
1:1 x1073, 2:3 x 107, and 3:1 x 1075; (b) B,H¢-doping con-
centration is 4:1073, 5:3 x 104, and 6:10™%; (c) compensated
samples, all have 1073 PH; and the B,H, concentrations
are 1:0, 7:2 X 1074, 8:4 x 1074, 9:2 x 1073, and 10:4 x 1073.
All concentrations refer to the relative concentration of the
dopant in the gas phase Tg=230°C and rf power is 2 W.

If the gap-state absorption is due to dangling
bonds, one would expect a positive correlation
between the magnitude of the absorption and the
number of dangling bonds as determined by
electron-spin resonances (ESR). The excess absorp-
tion . due to subgap states can be computed from
aex = a—apexp(fw/Ey) where ag and Ej are deter-
mined by a fit to the exponential region. We then

can calculate the number of defects N; from

cnm | (1 +2n2)2
= et gt | e
=7.9X1015faexdE s 1)

where cis the speed of light, n(=3.8) is the index of
refraction of the material, m is the electron mass, eis
the electron charge, and fo; is the oscillator strength
of the absorption transition. The expression within
the large parentheses is the inverse square of the ef-
fective charge of the defect when adjusted by the
local-field corrections used in interpreting the in-
frared spectra of a-Si:H.!""'? Assuming f,;=1 and
recognizing that the local-field corrections have been
empirically determined to overestimate the correct lo-
cal field by a factor of 2 in a-Si:H,'>!® we get the nu-
merical factor in Eq. (1). In the case of the undoped
material, by plotting the equilibrium spin density N;
(ESR),!* versus the defect density N, (abs) as de-
duced by Eq. (1), we obtain an excellent agreement
over three orders of magnitude, as shown in Fig. 3.
Because ESR is a quantitative measure of the density
of defects, the agreement suggests that the subgap
tail is due to defects with spins. Unlike the case of
unhydrogenated amorphous silicon,'® we find no evi-
dence of the absorption varying as N} (ESR).

For doped a-Si:H, there is no equilibrium spin den-
sity. However, the defect density may be estimated
from the light-induced ESR (LESR), or from the
quenching of luminescence.'® If we compare such es-
timates with those deduced using Eq. (1), again we
find excellent correlation (see Fig. 4). Our absorp-
tion estimates agree better with the luminescence
ones than with those from LESR. This might be due
to the fact that at high defect densities, LESR tends
to underestimate the number of defects. The agree-
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FIG. 3. Number of defects deduced from absorption by

Eq. (1) vs number of spins measured by ESR.
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FIG. 4. Number of defects deduced from Eq. (1) vs
number of spins estimated by luminescence (Ref. 16). O—
phosphorous-doped samples, A—boron-doped samples, X—
compensated samples.

ment for B,H¢ doping is not as good, perhaps be-
cause: (1) there is a different oscillator strength for
this defect, or (2) Eq. (1) overcorrects for the ex-
ponential absorption for boron. For compensated a-
Si:H, with low B,H¢ concentrations, where there is a
well-defined defect tail, Eq. (1) correctly predicts the
number of defects centers, as estimated from
luminescence and LESR results.

Using the agreement between absorption, ESR,
LESR, and luminescence-deduced defect densities
along with other data, the following picture emerges.
For the undoped a-Si:H, as the rf power density and
the substrate temperature increase, a maximum in
the density of states (10'5—10!® states/cm?), due to
dangling silicon bonds appears ~1.3 eV below the
conduction band. The evidence that the absorption is
due to dangling silicon bonds is that the ESR and
LESR lines used to calculate N; (ESR, LESR) have
g =2.0055, which is known to be due to dangling sil-
icon bonds.!” This result supports the theoretical pre-
diction of Joannopoulos, which places the Si dangling
bond. ~1.4 eV below the conduction band.!® The

fact that the energy of the absorption tail is the same
as that of the maximum in the density of states, as
determined by deep level transient spectroscopy
(DLTS)" and field-effect measurements,? strongly
suggests that this maximum is, in fact, due to Si dan-
gling bonds. Since films with the lowest absorption
tails have the highest luminescence, we conclude that
dangling bonds quench the luminescence?! rather
than cause it, as previously had been hypothesized.??
Furthermore, we estimate the optical cross section of
the dangling bond to be 1.2 x 10716 cm?.

Doping with PH; introduces 10'7—10'® defects/cm?
~1.3 eV below the conduction band. The energy
and cross section of these defects are nearly identical
to that of dangling bonds. The absence of equilibri-
um ESR and the presence of a g =2.0055 LESR line
can be explained by the pairing of electrons at the de-
fect center. Strong support for the increase in the
number of defects with increasing level of doping
comes from DLTS measurements of the density of
states in the gap. For a 3 x 10~ PHj; concentration
sample, we deduce 3.7 x 10'7 states/cm? in a density-
of-states maximum ~1.3 eV below the conduction
band, indicating that DLTS may be more accurate
than field-effect measurements. B,Hg doping also in-
troduces defects. While boron-induced defects are
probably near the valence band, as yet there is no
clear evidence to support this hypothesis. Doping
with PH; or B,H; introduces defects, but doping with
both removes the defects, as evidenced by the de-
crease in defect absorption. Finally, a general feature
of a-Si:H is that defects tend to alter the shape of the
band edge.!°

ACKNOWLEDGMENTS

We wish to thank Dr. R. Street, Dr. D. Carlson,
and Dr. J. Knights for samples; and Dr. C. Boccara
and Dr. D. Fournier for their help in developing
PDS. This work was supported by the Assistant
Secretary for Conservation and Solar Energy, Photo-
voltaic Systems Division of the U.S. DOE under
Contract No. W-4705-ENG-48.

1See N. F. Mott, Electronic Processes in Non-Crystalline Ma-
terials, 2nd ed. (Oxford University Press, Oxford, 1979),
and references therein.

2R. Crandall, Phys. Rev. Lett. 44, 749 (1980).

3G. Moddel, D. A. Anderson, and W. Paul, Phys. Rev. B
22, 1918 (1980).

4G. Cody, C. R. Wronski, B. Abeles, R. Stephens, and B.
Brooks, Solar Cells 2, 227 (1980).

5We have shown recently that the nur product varies
throughout the energy range of interest (unpublished).

6W. B. Jackson, N. M. Amer, A. C. Boccara, and D. Four-
nier, Appl. Opt. 20, 1333 (1981); A. C. Boccara, D. Four-
nier, W. Jackson, and N. M. Amer, Opt. Lett. 3, 377
(1980); A. C. Boccara, D. Fournier, and J. Badoz, Appl.
Phys. Lett. 36, 130 (1980).

7Z. A. Yasa, W. B. Jackson, and N. M. Amer, Appl. Opt. 21,
21 (1982).

8R. Street, J. C. Knights, and D. K. Biegelsen, Phys. Rev. B
18, 1880 (1978).

9For effects of varying the substrate temperature, see W. B.



5562 RAPID COMMUNICATIONS 25

Jackson and N. M. Amer, in Tetrahedrally Bonded Amor-
Dphous Semiconductors— 1981, edited by R. A. Street, D. K.
Biegelson, and J. C. Knights, AIP Conf. Proc. No. 73
(AIP, New York, 1981), p. 263.

10W, B. Jackson and N. M. Amer, in Proceedings of the Ninth
International Conference on Amorphous and Liquid Semicon-

ductors, Grenoble, 1981 [J. Phys. (Paris) 42, C4-293 (1981)].

11D, L. Dexter, Phys. Rev. 101, 48 (1956).
12M. H. Brodsky, M. Cardona, J. J. Cuomo, Phys. Rev. B
16, 3556 (1977).

13E. C. Freeman and W. Paul, Phys. Rev. B 18, 4288 (1978).

14ESR data are from Refs. 8 and 16; and private communi-
cation with R. A. Street.

I5M. H. Brodsky, D. M. Kaplan, and J. F. Ziegler, in
Proceedings of the Eleventh International Conference on the
Physics of Semiconductors, Warsaw— 1972, edited by the

Polish Academy of Sciences (Elsevier, Amsterdam, 1972),
p. 529.

I6R. A. Street, Phys. Rev. B 24, 969 (1981).

7R, A. Street and D. K. Bieglson, Solid State Commun. 33,
1159 (1980).

18], D. Joannopoulos, J. Non-Cryst. Solids 35—36, 781
(1980).

19D. V. Lang, J. D. Cohen, and J. P. Harbison (unpub-
lished).

20A. Maden, P. G. LeComber, and W. E. Spear, J. Non-
Cryst. Solids 20, 239 (1976).

2R, A. Street, Phys. Rev. B 21, 5775 (1980).

22p_ Engemann and R. Fischer, in Amorphous and Liquid
Semiconductors, edited by J. Stuke and W. Brenig (Taylor
and Francis, London, 1974), p. 947.



