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Deposition-induced defect profiles in amorphous hydrogenated silicon
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The thickness dependence of the subgap optical absorption in plasma-deposited hydrogenzied
amorphous silicon is carefully studied by photothermat deflection spectroscopy. The deep-level
defect concentration decays From the top surface into the bulk where it approaches the thermal
equilibrium defect density. This defect profile is interpreted in terms of the annealing, during
growth, of growth-induced surface defects. 1t is also showa that this defect profile is
compatible with the known growth-temperature dependence of the defect density i

amorphous silicon,

The depth distribution of the deep-levet defects in amor-
phous hydrogenated sificon (2-SiH) has been a subject of
discussion since the beginning of quantitative measurements
of defeet density. The contribution of a high density of sur-
face defects to the electron spin resonance {ESR) defer-
mined number of unpaired spins as well as to the photother-
mal deffection {PDS) determined subgap optical absorption
were recognized earlyv.” A controversy followed about a
layer at the substrate interface that is particularly susceptible
to light-induced defects.’® A detailed evaluation of the
thickness dependence of the defect density determined by
PDS as a function of film thickness pointed to a thin, defec-
tive region at the substrate interface and to 2 wide region at
the top surface.” Another observetion which suggested a de-
fect profile is that of very low defect densities in very thick
films."” Growth experiments in 8iF,-H, showed that the den-
sity of surface slates can be varied over two orders of magmni-
tude, and that the surfsce states maintained during growth
can affect the bulk defect density and the width of valence-
band tail.”

Ir: this letter, we first inspect the defect density of a num-
ber of a-Si:H films spanning a thickness rarge of nearly four
orders of magnitude. Then we set up a quantitative model for
surface-derived defects. In the model we assome that during

film growth a steady-state density of surface stages is main-

tained, and that these states decay into the bulk of the film.
We sel the steady-state density to the value for the density of
surface states al thermal equilibrium, 43 10°7 em ™" This
value is Righer than the equilibrivm density in the butk,”
because the surface defect lies only ~ 0,537 eV above the va-
lence-band edge,” in contrast to the bulk defect at ~ 0.85 eV.
When the surface becomes covered with subsequent layers,
the defect energy shifts from 0.57 to L85 ¢V, and the defect
density begins to relax to the lower bulk equilibrivm value.
The resulting defect profile is governed by the density of
surface states, the rate of decay, and the rate of film growth.
We assume that the decay process 15 monomolecular and
determined by the same kinetics as the annealing of bulk
defect states,
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We begin a study of the defect density in a series of sam-
ples whose deposition conditions are listed in Table [/
The densities were determined by PDS which s sensitive to
both bulk and surface states.'™"? The number of defects per
unit film area N, {cm  ?) is plotted against the thickness of
the films on a log-log scale in Fig. 1. Each data point corre-
sponds to one film. The squares and circles in the figure
represent the defect densities of fiilms deposited in the very
high freguency ( VHF) system at T, = 190-230"C, the iri-
angles and crosses in the isothermal of machine at T

= 200 °C and T; = 100 °C, respectively. Three regions are

evident even with the wide scatter among the points. We
discuss these regions using the serics of samples shown as
filled squares. [n the first region, up to a few tenths of um
film thickness, the total defect density increases as the flms
are made thicker, a consequence of a densily that decays
from the surface into the film. The samples in a sceond re-
gion, of intermediate thickness, contain the entire profile of
surface-related states, Mo more of these are added as the
thickness is raised, so that the total defect density remains
constant. In the third region of very thick films, the totsl
defect density in the bulk becomies comparable to that of the
surface-related defects, 2o that the former begins to make a
noticeable contribution,

The increase of the defect density in the lowest thickness
range can be interpreted either as top surface or a5 subsirate
interface defects decaying over about 0.1 gm. Winer and Ley

TABLE L Deprsition condittons For the a-5i:H samples

Heactor bt wall” VHF glow discharpe™
Power scurce frequency  13.56 MHz 38, TiLE 30 MIlz
EMscharye power density 5 mWem 50300 mW Sem”
5iH, flow rate i2secm 205 secm

Deparsiinog pressure S maTorr §50-300 mTorr
Cirowth temperaturs PO ared 20 °C 190=230°C

Cirowih mate h5-0 Ass 1423 A%

Symbod in Fig. | triangles, crosses  sgeuires, cirches
*Reference 10k

"Reference 1.
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FICE. 1. Arca density of deep-level defecn determined by PEYS meayure
ments piatted sgemst thickness, VEIF systemat 7, . 190-230°C (squancs
amed carkes): isothermal o system ap £, = 200 and 1) °C §triangles and
cross ). The aolid lire ig caleobted from Egw (7 and (80 for T, - 230°C.

measured a surface-state density of 83 10'7 em ™ * by total
yield photoemission, ' By PDS experiments, Frye eral. mea-
sured a high top surface defect density." Maruyama et al,
demonstrated that the dominant surface-related states are
focated at the top of the film because their density is reduced
by in ity annealing after growth,” AMthough Curling ef af.
detected top and substrate surface defects, the iop surface
defects dominated.” All of these experiments siiggest that the
increase of defect density in the lowest thickness range re-
sults from a profile of top surface defects.

f.et us assome a steady-state surface defoct density Y,
during flm growth, and the annealing energy distribution
S CE L ) used previously for light-induced defects, ™ ie.,

-'IF..I“II {E;IIEII J

= (2o ") "Ceap{ - [(E,., - E.WW]/2} (1)
where £ By and Ware the annealing energy, the center of
the annealing energy distribution, and the width of the distri-

bution, respectively. Then the rate of annealing of defect
states 15 exprossed as

dN(E, .} .
AN neE c;r{_) (2)
£ iT

where N(E | 1.v, . K and T express the density of defects
with annealing energy £, the attempt Frequency for an-
nealing, the Boltzmann constart, and the annealing tem-
perature, respectively,

After defining the annealing time 7, {E, , ) as
Tarn I=:-Euum } == lrI|-"'Ir"":|.v.'|l|. ':HI'{ - Ehlm -"';kT]r {3]
we can rewrite Eg. (2) in the simple form of
dNEEuu - N E‘lnn
L L 4)
dr -rﬂﬂﬂ {Eﬂﬂ-ﬂ :F

Figure 2 shows the calculated temperature dependence of
the annealing time for annealing energies of 1.0, 1.1, and 1.2
eV. Below 200°C, the annealing time differs by more than
two orders of magnitude between the annealing energies of
idand 1.2 eV.

In an amorphous silicon film deposited at the rate of r,
the G-Si:H at the depth L from the top surface of the deposit-
ed film underwem snnezling for the time L /r; at the deno-
sition temperature T, Therefore, the defect density
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FIG. L. Annealing fune 7, defined by Bg (3] plotted against snnealing
termiperature I, with annealing encegy £, 45 8 paramcher,

N{E,...L) as a function of E,,, and L is obtained from Eq.
(4) as

NE LYy =N AE dexp] —L/rma BT

{3}
Drefining the deposition time £, as

te = Lyfra {0)

where L, is the total film thickness, and integrating Eg. {3)
over the whole range of £ | and time, we obtain the average

defect density per arca NV, of & film as

NAT ) = f f P NUE, o )dE, dE

= I “':r-l"'l,.nﬂ Eulm I T e {'E.unu ]

il
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which can be calculated numerically.

In the range of large thickness { = 10 gm), the defect
density of amorphous stlicon is dominated by the cquilibri-
um density of defect stutes,” which is expressed by the equa-
tion

N Ty} = [4Ny expl — 2B,y /kT)]HT 730 A0
KN, B, P54 2801, (8)

where Ng, B E,, and N, are the density of silicon
atoms, the formation energy of the dangling bond state, the
Urbach erergy, and the density of states at the valence-band
mobility edge, respectively.

For numerical calculation, the values of N, £, W,
Viars Yo B on o By and ¥, weretakenas 4> 10" cm ™,
LOS eV, Gl eV, 10™ s~ 4% 107 em ™ *, 0.B5 eV, 50 meV,
and 4:< 107" em " e¥ ™', respectively.”'"

The calenlated curve for T, = 230°C 15 shown as the
solid line in Fig. 1. the calculated curve fits the experimental
data points well, which means that the defect density is
dominzted by the annealing of deposition-induced surface
defects in thin films, and by the equilibrium defect density
for thick films.

The mode] 2lso explains the high average defect density
in flms grown at low, suboptimal, deposition temperature.
The slow annealing of growih-induced states at low tem-
perature results in a high defect density throughout the film.
Thus, at low temperature {Fig. 1), the density of surface-
induced states dominates. The curve in Fig. 3 caleulated
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FlCk. 3, Caleulated average defect density (solid line) as o function of depo-
sition temperzture T Ciecles and squares are experimental data reported

i Fefs, 17 and 14,

from Egs. {7) and (8), reflects these two counteracting
trends. Experimental results'™'® on the defect density as a
function of growth temperature are alse shown, While the
temperature dependence agrees, the difference in absolule
values belween experiments and theory suggests that we
need more precise measurements of deposition temperature.

Conventionally, the high defect density in films grown
at fow substrate temperature has been explained by thermal
equilibrium betwesn a high density of valence-band 1ail
states and a correspondingly high & %' Indeed, K, in low
substrate-temperature films is high and so, apparently, is the
density of valence-band tail states. However, inspection of
the optical absorption spectra {for example, Ref. §7) reveals
that & large contribution by N, raises £, far above the char-
acteristic encrgy of the valence-band tail states.” In our opin-
iom, the tail state density 15 much smaller than the measered
E | and corresponds to valees of & that are lower than the
observed ones.

The shysical ongin of the high defect density st low
temperature is the slow rate of anneaiing of the deposition-
induced defects during film growth. The siow rate is shown
i Fig. 2. At the annealing temperatuee of 200 °C, the anneal-
ing time is only a few seconds for an annealing encrgy of 1.0}
eV, and it 1s less than 000 s for 1.2 ¢V, In that scnse, most of
the deposition-induced defects are annealed out during de-
nosition, and onrly & few hundred angstroms ol a defeci-rich
surface laver remain. On the other hand, at the annealing
temperaturs of 100 °C, the annealing time is longer than the
deposition tirre (10° s) for an annealing energy of 1.1 eV or
maore, and it is a few thowsandths of a second even for 1.0 eV,
which means that most of the deposition-induced defects
remain throughout the film thickness.

The preseat model of deposition-induced defect anneal-
ing during deposttion: explains the defect density profile and
the average defect density in a-8i:H grown at low deposition
temperature. The profile cannot be interpreted with the ther-
mal equifibration model. The combination of the decaying
surfpce-state model and the thermal equilibrium model now
is a powerful tool for modeling defect densities in amorphous
silicon.
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