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DIRECT MEASUREMENT OF GAP STATE ABSORPTION IN HYDROGENATED

AMORPHOUS' SILICON BY PHOTOTHERMAL DEFLECTION SPECTROSCOPY

ABSTRACT

We have used the highly sensitive techniqué of phototh-
ermal deflection» Spectroscopy to directly measure the sub-
gap optical absorption of undoped, singly doped, and compen- .
sated 'a-Si:H do&n to 0.6 eV. We show that the gap state
aBsorption is due to 2dangling silicon bonds. We ilso
present evidence that while.doping creétes defects, compen-

sation removes them.

PACS:78.50.Ge, 78.65.Jd,78.40.Fy,07.65.Eh

In amorphous semiconductors, the opticél absorption of defects and
impurities is most reédily observed below the band edge since it is not
obscured by the _much .larger band-to-band absorption. Consequently,
sub-gap absorption spectra should provide information about defects in
amorphous materials. Although such measuremehtsvhave been made on chal-
cogenide glasses,1 none of the measufements made on hydrogenated amor-
phous silicon (a-Si:H) have been reliable because of experimental limi-
tations. The films are typically 1 umthick and are not optically homo-
geneous, making conventional transmission and reflection measureﬁents of
absorétion coefficients (a) below 50-100 cm-.1 unreliable.2 Derivation

of the absorption from photoconductivity requires reliance upon the

experimentaliy unverified assumption that the nut product is independent
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of photon energy-5 We have recently developed the techhique of 'phototh-
ermal deflection spectroscopy (PDS)6 which measures low absorption coef-

-7 10-8), is highly insensitive to écattering,7 and

ficients (ag =~ 10
does not rely on the above assumption. Using PDS, we have obtained the
first unambiguous and direct measurements of sub-gap optical absorption

in undoped, doped, and compensated a-Si:H down to 0.6 eV, and have found

evidence that this absorption is due to dangling silicon bonds.

We focussed the monochromatized (0.01 eV bandwidth), intensity-
modulated output of a 1 kW HgXe lamp (pump beam) on a sample which was
immersed in CClA. Upon absorption of the light, synchrbnous heating of
the sample occurred, causing a periodic index-of-refraction gradient in
the CClA. A HeNe laser beam (probe beam) grazing the samplé surface
experienced a periodic deflection which was detected with a position

sensor. The resulting power-normalized deflection signal, for thermally

thin samples, is related to the optical ébsorption by6

S =Al1 - exp (-a¥)] ' (1)

iy

where A is a constant and £ is the film thickness. For a2}>l, S=A. £ was
determined by other measuremenﬁs, and hence a was obtained for a¢<1
using Eq. (l). Interference fringes of a were averaged on a loga-
rithmic scale.4 Changés in the substrate material or film thickness did
not alter the spectra, and the signgl did not show phase shifts or the
modulation frequency dependence characteristic of non-film absorption.6

Therefore, the signal was not due to absorption in CCl or the sub-

4

strate.

Our samples were undoped, singly doped, and compensated films depo-

sited by rf glow discharge. The Siﬂé'concentration in Ar varied from 5%
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to 100%, and the substrates were either 7059 glass, quartz, or sap-
phii:e-8 The thickness of most films was in the 1-2 um range. Other

deposition parameters are given in Figs. 1 and 2.

The absorption edge of amorphous semiconductors 1is often divided
into - three regions:g (a) a power law region; (b) an exponential region

or "Urbach edge"; and (c) a sub-gap tail. 1In Figs. 1 and 2 we show the

full absorption edge of a-Si:H in regions (b) and (c¢). Fig. 1 shows the

effect of increasing the rf power density on the absorption edge of
undoped material while keeping the substrate temperature fixed.lo As the
rf power increases, the strength of the sub-gap absorption tail

increases ( hw=1.4 eV, region (c)). A second effect is the progressive

decrease in the slope of the exponential edge as the rf power

increases.

The effects of doping and compensation on the absorption edge are
summarized in Fig. 2. In Fig. i(a) and (b) we give the results for
phosphorous and boron doped filﬁs. As in the case of undoped a-Si:H,
the sub-gap absorption tail rises, and the slope of the exponential edge
decreases as the PH, or B,H, concentration is increased. However, the

3 2°6

slope of the sub-gap region for boron is less than for the phosphorous

-doped films.

To separate the effects due to dopant incorporation from the
effects due to shifts in the Fermi level, we investigated the absorption

of a series of compensated films prepared by fixing the PH3 concentra-

tion and gradually increasing the B concentration (Fig. 2(c)). Note

2te

that the magnitude of the sub-gap absorption decreases as the boron
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content increases. Concurrently, there is a pronounced shift to lower

energies and broadening of the exponential region.

Because the sub-gap tail increases as conductivity and luminescence
measurements of the defect density also increase, we attribute this
absorption to defects. The excess absorption - due to sub-gap states

can be computed from _ "

Gy = O -a exp_[hw/Eo] ' (2)

where @, and Eo are determined by a fit to the exponential region. We

then can calculate the number of defects,NS from

2.2 :
cnm (142n ) (3
N=—" 2 2 2 %ex (E) dE /
27" h e foj 9n

" where ¢ is the speed of light, n(§3.8) is the index of refraction of the
material, m is the electron mass, e is the electron‘charge, and foj is
the oscillator strength of the absorption transition. The expression
within the brackets is the inverse square of the defect effective charge
adjusted by local field corrections used in interpreting -the infrared

12,13

spectra of a-5i:H. Assuming fOj = 1 and recognizing that the local

field corrections have been,empirically_detefmined to overestimate the

13’;4 we then have

_ 15 @
Ns— 7.9x10 ‘/ﬁaex dE

v

correct local field by a factor of 2 in a-Si:H,

By plotting the equilibrium spin density data NS(ESR), versus NS(ABS),15
the defect density as deduced by Eq. (4), we obtain an excellent agree-
ment over three orders of magnitude, as shown in Fig. 3 for undoped a-

Si:H. Because ESR gives quantitative measurements of defect demsities,
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the agreement suggests that the sub-gap tail 1is due to defects with

spins. Note that we find no evidence of absorption varying as NSZ(ESR),

unlike the case of unhydrogenated amorphous silicon.16

For doped a-Si:H, there is no equilibrium spih density. However,

the defect density may be estimated by a light induced ESR, (LESR) sig-

" nal at g=2.0055 or byfthe quenching of lumines-cence-17 If we compare

such estimates with those deduced using Eq. (4), again we find excellent

correlation between the three types of estimates (see Fig. 4). At high

defect densities, however, LESR tends to underestimate the number of

defects. Our absorption estimates agree better with the luminescence

estimates. The agreement for boron doping is not as good, perhaps (1)

~ because there is a different oscillator strength for this defect or (2)

because Eq. (2) overcorrects for the exponential absdrbtion for boron.
For compensated a-Si:H, with low boron concentrations, where there is a
well defined defect tail, Eq. (4) correctly predicts the number of

defect 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 undoped a-Si:H, as the rf power density -and the substrate

temperature increase, a maximum in the density of states due to dangling
silicon bonds appears “V1.3-1.4 eV below the conduction band. The evi-
dence that the absorption is due to dangling silicon bonds is that the
ESR and LESR lines used to calculate NS(EéR,LESR) havé g = 2.0055, which
is known to be due to dangling silicon bonds,18 and the dangling Si bond
21

energy has been calculated to be "™V1.4 eV below the conduction band.

The placement of this maximum below the conduction band is supported by
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deep level transient spectroscopy(DLTS),lg‘ and field effect measure-

5-1018/cc dépending upon the

ments.zo The number of dangling bonds is 101
preparation conditions. We conclude that these dangling bonds quench the
luminescencé22 rather than cause it, as previously had been

hypothesized,23 since films with the lowest absorption tails have the

highest luminescence.

Doping with phosphorous introduces,1017—1018 defects/cc V1. 3eV

below the conduction band, perhaps through an autocompensation mechanism
where the dopant creates a vacancy.17 The absence of equilibrium ESR and
the presence of a g=2.0055 LESR line can be_explaiped by the pairing of
electrons at the defect center. Strong support for the increase in the
number of defects comes from DLTS measurements of the density of statesv
in the gap. For a 3x10—4,PH3 concentration sample, we deduce 3.7x1017
defects/cc from Eq. (4) and DLTS has found 3.1x1017 states/cc in a
density—of-statés maximum 1. 3ev below the conduction band. Boron doping
also introduces defects. While boron induced defects are probably near
thé valence band, as yet there is no clear evidence to support this
hypothesis. Doping with phosphorous or boron introduces defects, but
doping with both removes the defects, as evidenced by the decrease in

defect absorption. Finally, a general feature of a~Si:H is that defects

tend to alter the shape of the band edge.

We wish to thank Drs. R. Street, D. Carlson, and J. Knights for
samples; and Drs. C: Boccara and D. Fournier foér their help in develop-
ing PDS. This work was sﬁpported by the Assistant Secretary for Conserva-
tion and Solar Energy, Phogovoltaic Systems Division of the U.S. Depart-

ment of Energy under Contract W-7405-ENG-48.
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Figure Captions

Fig.l

~Fig.2

Figo3

Fig.4

19:3x10°

Absorption coefficient vs. energy for undoped a-=Si:H for various

o

- rf powers, Ts=230 "C. The rf powers for the various films are

11:1W, 4:2W, 5:5W, 6:15W, 7:30W; and 8:40W. Sample 3 is a 2W

sample doped with 1073 P, in the gds phase.

3

(a). Absorption coefficient vs. energy for various phosphorous

doped films. The doping concentration of the films is 3:1:?10-3

32 4 PH3, and 17:1x10-5PH3- (b) Absorption coefficient

for' boron doped films. Doping concentration is 18:10-3 BZH6’
4 4

BZHG’ and 20:10° BZH6' (c) absorption coefficient for

compensated samples. All have 10'-3 PH3 and the boron concentra-
4 -4 -3
BZH6’ _12.4x10 BZH6’ 14:2x10

PH,, 16:3x10

tions are 3:0 B H6, 11:2x10°

2

BZH6? and 15:4x10-3 B All concentrations refer to the rela-

2H6'
tive concentration of the dopant in the gas phase TS=230 °c and

rf power is 2W.

Number of defects deduced from absorption by Eq. (4) vs. number

of spins measured by ESR.

Number of defects deduced from Eq. (4) wvs. number of spins
estimated by luminescence (Ref. 17). 0 - phosphorous doped sam-

ples, A= boron doped samples, X-compensated samples.

¢
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