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We regret to inform our readers that Dr. Wolfhard Beyer has passed away during the review process of

this publication.

Double layers of deuterated and hydrogenated amorphous silicon (a-Si:H) on glass
are heated in the ambient by scanning with a green (532 nm) continuous wave laser.
The hydrogen diffusion length in the laser spot is obtained from the deuterium
(D)-hydrogen (H) interdiffusion measured by secondary ion mass spectrometry
(SIMS), the temperature in the laser spot is obtained by calculation. Under certain
conditions, detachment of the deuterated layer from the hydrogenated layer is
observed in the SIMS depth profiles, visible by rising oxygen and carbon signals at
the D/H interface attributed to in-diffusion of atmospheric gas species like water
vapor, oxygen, and carbon oxide. Stacks involving both undoped and boron-doped a-
Si:H films show disintegration. The results suggest that the parameters leading to
the disintegration effects are the presence of a plane of reduced material cohesion at
the D/H interface, a sizeable H diffusion length and a rather high heating rate.
Herein, it is likely considered that the observed layer disintegration process is
involved in the peeling of a-Si:H films upon fast heating. Furthermore, the results
show that rapid laser heating can be used to detect planes of reduced material
cohesion which may compromise the electronic properties of a-Si:H-based stacks.

cells'! silicon heterojunction solar

cells,™® thin film silicon solar cells on
glass,”™ as well as transistors in large area
displays.l"” Hydrogen plays a crucial role in
these devices as it passivates silicon defects.
Of particular, importance can be the
motion of hydrogen during deposition at
elevated temperatures and upon heat treat-
ment. In recent time, interest has increased
in details and mechanisms of a-Si:H film
disintegration and peeling.®**"*! These
latter effects are known to occur mostly
during annealing, in particular involving
rapid heating. Related to such disintegra-
tion effects may be bubble and pinhole
formation due to accumulation of H at
interfaces.!"* ¢!

The detachment of H containing silicon
alloys and layer stacks upon thermal treat-
ment is crucially problematic for the previ-
ously mentioned applications. Hence, it is
important to understand the mechanisms

1. Introduction

Hydrogenated amorphous silicon (a-Si:H) films are widely used
and are of interest for various technologies like thin film solar

of hydrogen motion to avoid the destruction of the films.

In this article, we study by SIMS depth profiling the disinte-
gration of deuterated and hydrogenated (a-Si:D/a-Si:H) layer
structures after annealing by using a continuous wave (CW)
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laser. The initial phase of detachment of the deuterated layer is
detected by the appearance of enhanced SIMS hydrogen, oxygen,
and carbon signals, the latter two attributed to atmospheric gas
species, at the deuterium-hydrogen interface. The a-Si:D film on
top of a-Si:H material allows (by investigation of
deuterium (D)-hydrogen (H) interdiffusion) a measurement of
the hydrogen diffusion length in the laser spot.*” Focusing on
a-Si:H films on glass, the temperature in the laser spot is esti-
mated by calculation, using the laser scanning conditions and
the thermal properties of the employed glass substrate, based
on previous work."”) We report on layer disintegration effects
in relation to H diffusion length, temperature in the laser spot,
and heating rate for undoped and boron-doped a-Si:H.

2. Results

2.1. Stack Disintegration Effects

In Figure 1, a series of SIMS depth profiles along with transmit-
ted light images is shown for different laser annealing states of
sample L24. Figure la-d shows profiles of 'H (hydrogen),
2H (hydrogen-2, termed deuterium (D) throughout the article),
C (carbon), '®0 (oxygen) as well as silicon. In the as-deposited state
(Figure 1a), the a-Si:D layer on top of the a-Si:H layer shows a
well-defined interface with a steeply decreasing deuterium
(*H) concentration at increasing sputtering time. With rising
annealing (laser residence) time (Figure 1b,c), the deuterium dif-
fusion length increases, that is, deuterium diffuses further into
the a-Si:H material. However, the situation changes abruptly
between Figure 1c,d. A reduction of the scan speed from
v=10-5mms ", that is, an increase of the laser residence time
At=2ry/v from 70 to 140 ms results in a complete change of
the depth profiles and a partial detachment of the a-Si:D layer
at the a-Si:D/a-Si:H interface, which we term disintegration.
It is important to note that the SIMS profiles are measured at
positions where the layer stack is not detached Most notable
is the appearance of high carbon and oxygen signals at the
a-Si:D/a-Si:H interface, the almost complete mixing of deute-
rium and hydrogen in the a-Si:H layer and for both D and H
in the a-Si:H layer the typical signs of D and H out-diffusion
towards the D/H interface and toward the substrate. The out-
diffusion of H is confirmed by the overall lower H content in
the film compared to Figure lc. We assign the high carbon
and oxygen signals to atmospheric carbon oxide, oxygen, and
water molecules penetrating the D/H interface. The absorption
of the latter molecules on silicon surfaces at ambient tempera-
tures is known;"® a rapid increase of carbon and oxygen
SIMS signals upon exposure to atmosphere was found for
porous silicon."”! Note that both oxygen and carbon signals in
Figure 1d show reduced values in the range of the a-Si:D layer,
that is, carbon and oxygen do not diffuse to the D/H interface
passing through the bulk a-Si:D film. Lateral diffusion must
be involved. As the SIMS measurements are done under
UHV conditions, this gas penetration does not happen during
SIMS measurement but must take place earlier. As the laser spot
radius used was 0.35 mm, the (lateral) diffusion lengths involved
in the heated material must be, thus, of the order mm. Since the
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Figure 1. SIMS depth profiles of Si, 'H, 2H, O, C and transmitted (white)
light imagine a) not annealed (NA), b) P=3W, v=20mms,
At=35ms, ¢) P=3W, v=10mm s7' At=70ms, and d) P=3W,
v=5mms~', At=140ms. Laser scanning from glass side. Measured

H diffusion lengths: (b) 75A, (c) 390 A, and (d) 2160 A.
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samples investigated are about 1 x 1 cm? in size, the diffusion
length of gas penetration along the interface may be even bigger.
As laser scanning was done in ambient and the samples were
stored in ambient thereafter, ambient gas penetration may occur
during laser scanning and later. Thus, the results of Figure 1
demonstrate that laser scanning under certain conditions causes
layer detachment and, thus, stack disintegration.

A comparison of the hydrogen and deuterium (*H) profiles of
Figure 1c,d shows that the stack disintegration (observed for a H
diffusion length of 2160 A, see Figure 1d) is preceded by an H
and D (*H) accumulation at the H/D interface (see Figure 1c)
already at much lower H diffusion length of 390 A. Paired with
the H/D interface accumulation in Figure 1c is a slight photo-
darkening effect in the laser-scanned area (see transmitted light
image).?% This photodarkening apparently gets much stronger
when stack disintegration occurs (Figure 1d). Almost no photo-
darkening and no H/D interface accumulation is visible in
Figure 1b (H diffusion length 75 A).

As is shown in Figure 2, disintegration characteristics can also
be found on a stack for fixed laser scanning conditions when the
SIMS depth profile is measured at different locations in the
scanned area. The photographs of the SIMS crater area show
bands of dark and bright appearance. When measured in the
bright band of the photograph (Figure 2a) no disintegration is
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Figure 2. SIMS depth profiles of masses 'H, ?H, Si, O, and C and photo-
graphs of the SIMS crater area of sample L24 for laser treatment condi-
tions: P=3.3 W, glass side, v=10mm s~ (70 ms residence time) in the
bright a) and dark b) areas of films. Laser scanning direction in photograph
rotated by 90° compared to transmitted light images in Figure 1.

SIMS crater dimension: 300 x 300 ym, laser line offset (ro): 350 pm.

Measured H diffusion lengths (a) L~360A, (b) L~ 800A.
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Figure 3. Laser intensity profile of two laser lines for present scanning
procedure. Maximum intensity I/lo=1 of the first line (full line) at r=0
and of the second line (dashed line) at r = ro. Lowest intensity at r/ro = 0.5
with I/lo=0.78. Laser intensity dependences: I=1Iy exp —(r/ro)* and
=1y exp —((ro—n)/ro)>.

detected. In the area of the dark band of the photograph
(Figure 2b), clear disintegration is visible by high carbon and oxy-
gen signals at the D/H interface. This presence of the bands with
dark and bright appearance is attributed to the use of Gaussian
laser profiles for laser scanning. As the laser lines are the laser
spot radius 1, apart, the laser intensity (and thus the rise of
temperature in the laser spot)!’”! varies perpendicular to the scan
direction by as much as about afactor of 0.78 reached at
r/ro=0.5. However, at this latter reduced intensity, the sample
is laser-scanned two times. The overlapping of laser intensities
is visualized in Figure 3. Common to both cases where the stack
disintegration occurs according to the SIMS depth profiles (see
Figure 1d and 2b) is a rather high degree of photodarkening!*”-*"!
in the transmitted light image, as seen in Figure 1d and 4a.
This means a high degree of H out-diffusion.'”? Apparently,
this H out-diffusion which is considered to involve also a
shrinkage of the material,”"! leads here to a disintegration of
the a-Si:D/a-Si:H interface. For the as-deposited material (see
Figure 1a), the D/H interface does not show any defect, that
is, there is no accumulation of oxygen or carbon at the interface
visible in SIMS. Upon moderate annealing (Figure 1b) deute-
rium and hydrogen diffuse smoothly through this interface.
However, at increasing H/D diffusion length, this interface
apparently deteriorates by (first) accumulation of hydrogen
(see Figure 1c and 2a) and, at higher H diffusion length, by allow-
ing carbon oxide/oxygen/water molecules to diffuse in laterally

-——l (b)

|

Figure 4. a) Transmitted light image of laser scanned area of Figure 2.
b) Photograph showing bubble formation in dark band of Figure 2a.
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(see Figure 1d and 2b). Also, bubble formation is visible, see
Figure 4b showing a magnification of the photograph of
Figure 2a. These bubbles apparently form at the film-substrate
interface. It is these bubbles which cause the dark bands in
the photographs of Figure 2.

Obviously, Figure 1d and 2b show different stages of stack dis-
integration: Figure 2b seems to be a rather initial one: carbon and
oxygen penetrations are already visible but D/H interdiffusion is
still possible, yet at reduced concentration. In Figure 1d, in con-
trast, the D/H interdiffusion apparently is no longer possible and
the profiles indicate both H and D out-diffusion from the a-Si:H
layer. The complete delamination of the top (a-Si:D) layer is likely
prevented by the inhomogeneous line-by-line laser scanning pro-
cedure using a Gaussian profile.

The effect of a reduced laser power (2.7 W) is shown in
Figure 5a,b. As is seen, despite a rather high H diffusion length
(L= 900 A) and clearly visible photodarkening in Figure 5b, the
(complete) stack disintegration effect is not observed. However,
hydrogen interface accumulation is clearly visible in Figure 5b
but only barely in Figure 5a (L~ 190A). A comparison of the
SIMS results of Figure 5b with those of Figure 2b shows that
a rather high H diffusion length near 800-900 A alone does
not result in stack disintegration.

Since boron-doping is known to enhance the H diffusion
coefficient in a-Si:H?*?*! and thus a changed temperature
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Figure 5. SIMS depth profiles of 'H, 2H, Si, C, and O and transmitted light
images of undoped a-Si:D/a-Si:H (L24) treated with 2.7 W laser power
from glass side with speeds 10mms™" a) and 5mm s~ b). Measured
H diffusion lengths in laser spot: (a) 185 A and (b) 900 A.
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dependence of the H diffusion length is expected, we also studied
B-doped a-Si:D/a-Si:H stacks with regard to stack interface dis-
integration. Typical SIMS depth profiles of our B-doped a-Si:D/
a-Si:H samples (not annealed as well as after laser treatment)
along with the corresponding transmitted light images are
shown in Figure 6. Since trimethylboron was used for boron
doping, the samples show in the range of B-doping also a high
carbon signal. B is detected as SiB™ ion by SIMS. The intended
gas phase doping was 1% which was confirmed by B implanta-
tion. Thus, we expect within the B-doped material a carbon con-
centration of the order 3% according to the composition of TMB.
The deuterated layer was undoped, that is, electrically n-type
while boron doping is known to cause electrically p-type material.
The steps in SIMS signal height of *H (D) at the Si:D/Si:C:B:H
interface (i.e., the enhancement of *H (D) signals in the B-doped
layer, see Figure 6b,d can be attributed to a higher H concentra-
tion and thus a higher H solubility in the a-Si:C:B:H compared to
the a-Si:D, see Figure 2 in Beyer and Wagner.**! Note that for
deuterium diffusion through an interface of different H concen-
tration within amorphous silicon, on both sides of the interface
the ratio of D/(H + D) is expected to be the same.**! Such steps
in the deuterium concentration measured by SIMS were previ-
ously noted also by Street et al.’**!

A comparison with undoped material treated by the same laser
power (P=27W) and laser scan speed (v=10mms ")
(comparing Figure 6¢ with 5a) shows that indeed in the B-doped
material the H diffusion length is clearly higher (about 700 A in
Figure 6¢) than in the undoped material (L = 185 A in Figure 5a)
as expected from the boron doping dependence of H diffu-
sion.”??! In agreement with an increased photodarkening
related to high H out-diffusion,”” Figure 6¢c also shows an
enhanced photodarkening compared to Figure 5a.

As shown in Figure 6, interface disintegration quite similar to
the undoped a-Si:H (see Figure 1) occurs in the B-doped stack,
however, under different laser treatment conditions. Similar to
the undoped a-Si:H, we find also for the B doped stack differen-
ces concerning disintegration when measured in the high and
low-intensity range of the laser lines. This is seen by comparison
of Figure 7a with b (both P=3.3 W, v=20mm s "). Clear stack
disintegration (visible by the interface oxygen signal) takes only
place in the range of the higher laser intensity.

In Figure 8, SIMS depth profiles of the undoped (Figure 8a)
and boron-doped (Figure 8b) stacks after 10 and 12 min, respec-
tively, furnace annealing (involving typical heating rates of
40 °C min ") are shown. Despite rather high H diffusion lengths
(L=880 and 1390 A, respectively) no stack disintegration is
observed. This result as well as the lacking stack disintegration
in Figure 5b demonstrates that a rather high H diffusion
length alone does not result in the stack disintegration. Other
parameters are apparently involved. In Section 2.3, we shall
examine the influence of temperature and heating rate on stack
disintegration.

2.2. Temperature in the Laser Spot and High-Temperature
H Diffusion Coefficients

According to Beyer et al.,!'”! the temperature in the laser spot can
be estimated, based on the heat diffusivity and heat conductance
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Figure 6. SIMS depth profiles of 'H, ?H (D), SiB, C, and O and transmitted
light images of boron-doped stack L42, laser treated from glass side:
a) NA, b) P=27W, v=20mms~', ¢) P=2.7W, v=10mms ', and
d) P=2.7W, v=5mms~". Measured H diffusion lengths (b) 200A,
(c) 700 A, and (d) 1100A.
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Figure 8. SIMS depth profiles of 'H, 2H,Si, C,and Oin undoped stack L24
a) and of 'H, 2H, Si, SiB, C, and O in B-doped stack L42 b) after furnace
annealing at (a) 400 °C, 10 min and (b) 350 °C, 12 min. H diffusion lengths
from SIMS depth profiles: 880 and 1390 A, respectively.

of the glass substrate employed, and the laser scanning param-
eters ro and v as well as the laser power P* absorbed in the a-Si:H
film. For the same laser scanning parameters (and the same sub-
strate material), the same temperature in the laser spot is
expected for doped and undoped a-Si:H as long as the refractive
index remains unchanged upon doping. Since the H diffusion
length L obtained by the SIMS profiling of the a-Si:D/a-Si:H
stacks treated by laser scanning yields the H diffusion coefficient
D by the following equation

L= 2(DAt)* 1)

(At is the laser residence time = annealing time), the present
D-H interdiffusion data allow the measurement of the high-
temperature H diffusion coefficient as a function of temperature.
One problem of the present laser scanning setup is, however,
that a Gaussian laser profile was used, that is, perpendicular
to the laser scan direction the absorbed laser power and thus
the temperature enhancement varies to some degree, see
Figure 3. While we tried to account for this effect by measuring
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for the present purpose (i.e., for measuring the H diffusion
coefficient) the SIMS depth profiles in the range of highest
photodarkening,'”! some scatter of data must be expected. In
Figure 9a,b, for the undoped a-Si:H samples L12 and 124, the
hydrogen diffusion coefficient D is plotted versus reciprocal
temperature 1/T with T calculated according to Equation (7)
in Beyer et al.'”! For heat diffusivity and heat/thermal conduc-
tivity of the glass substrate, the values Dy = 0.00518 cm? s™* and
k=0.0142 W cm ' °C, respectively, were used"”**! and for the
heat diffusion length in multiples of the laser spot radius
z=1 was assumed.

D = 103 cm?s lexp(—1.39eV/kT) ()

The dependence which has been proposed previously on the
basis of the Meyer—Neldel rule of H diffusion"”2% is shown in
Figure 9a,b as a full line and in Figure 9c as a dashed line.
The dashed line in Figure 9a indicates the values for H diffusion
coefficient at ry/2 distant from the maximum laser power
(perpendicular to the laser scan direction), accounting for the fact
that at this place the stack was scanned twice but ignoring the
decrease in laser intensity. As is seen, the experimental results
in Figure 9a,b agree very well with Equation (2). Of importance
is, furthermore, that these data involve scanning speeds between
1and 20 mm s~ ' demonstrating that the high-temperature H dif-
fusion coefficient turns out to be rather independent of anneal-
ing time in agreement with previous work.!'”2%

In Figure 9c¢, the same evaluation as employed for Figure 9a,b
is done for the boron-doped sample L[42. In the lower tempera-
ture range (T <550°C), a clear enhancement of H diffusion
compared to undoped a-Si:H is observed. Below 550 °C, the H
diffusion coefficient agrees with a dependence

D =103 cm?s texp(—1.09eV/kT) 3)

Above about T= 550 °C (below 10*/T~ 1.3 K™'), the values of
the H diffusion coefficient D deviate from Equation (3).
Tentatively, we attribute this deviation to H out-diffusion at
T> 550 °C causing a reduced doping effect of the incorporated

Www.pss-a.com

boron. All data deviating from the relation of Equation (3) involve
H diffusion lengths exceeding about 500A. The results in
Figure 9c suggest that at T>700°C (1/T<10*K™"), D is of
the order as in undoped a-Si:H. In this case, the H diffusion
length exceeds 1000 A, that is, is of the order of sample (stack)
thickness (3300 A). Thus, a depletion of hydrogen in the B-doped
film is likely and the disappearance of the B doping effect is
likely, too, at T > 700 °C under the present scanning conditions.
We note that to our knowledge, the H diffusion coefficient in
a-Si:H has not been measured (except noted in our previous
publications)*”?® to such high temperatures so far, as a-Si:H
typically starts to crystallize near 550°C on the time scale
of minutes or hours.””) The present measurements are only
possible due to the rather short annealing time applied in the
laser scanning process. The crystallization temperature of amor-
phous silicon is known to depend on the annealing time.!*®!

2.3. Influence of Heating Rate

According to Beyer et al.'”! and Figure 9, the H diffusion in the
investigated temperature range is governed by known Arrhenius
dependences, the temperature dependence of the H diffusion
length L for the various scan speeds (and laser residence
time At) follows directly by the following equation

L= 2 (AtDyexp (— Ep/kT))"/2 (4)

where D, is the H diffusion prefactor, Ep is the H diffusion
energy, and k is Boltzmann’s constant.

In Figure 10a,b, L is plotted as a function of temperature T in
the laser spot for various scan speeds. For D, we used
Dy=10"*cm?*s ! (Beyer et al.'”! and Figure 9), for Ep, we used
Ep=1.39eV (Equation (2), Beyer et al.'”! and Figure 9a,b) for
undoped a-Si:H and Ep =1.09 eV (Equation (3), see Figure 9c)
for our B-doped a-Si. The open data points indicate stacks with-
out disintegration, the solid data points indicate stacks with
disintegration according to SIMS. The results (in particular in
Figure 10b) demonstrate that stack disintegration occurs quite
systematic with regard to temperature in the laser spot and H
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Figure 9. Hydrogen diffusion coefficient D versus 1/T for the undoped a-Si:H sample L12 (dashed line calculated for measurement between laser lines)
a), for undoped a-Si:H sample L24 b), and for B-doped a-Si:H sample L42 (dashed line: dependence for undoped a-Si:H) c). x represent experimentally

determined diffusion coefficients from the samples L12, L24, and L42.
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Figure 10. Dependence of H diffusion length L on temperature T in the
laser spot assuming H diffusion coefficient dependences of Figure 9 for
a) undoped and b) boron-doped stack for various scan speeds v.
Open circles represent samples without stack disintegration, full dots rep-
resent samples with observed disintegration. Dashed line indicates the
critical diffusion length versus critical temperature for disintegration.

diffusion length and that the transition (as indicated by the
dashed lines) shifts rather strongly with increasing scan speed
to lower H diffusion lengths while the temperature in the laser
spot is not so much changed. The increased scan speed means an
increased heating rate. For sample 124, the heating rate can be
estimated (by dividing the temperature increase by the corre-
sponding residence time) to vary from about 2 x 10°>°Cs™" for
2mm s~ scan speed to more than 10*°Cs™" at 10 mm s~ scan
speed, for sample 142, one can estimate a heating rate of
1.3 x 10°°Cs™! for the scan speed of 2mms™' and nearly
1.5x 10*°Cs™! at 20mms™". Thus, the results show that a
higher heating rate favors stack disintegration at lower H diffu-
sion length. This means that the heating rate is in fact an impor-
tant quantity. A high heating rate tends to cause the stack
disintegration likely because of a rapid increase of the H diffu-
sion length with time which may cause, for example, a strongly
increasing H pressure within voids or bubbles at the D/H
interface.

The results in Figure 10a,b, thus, show a-Si:D/a-Si:H stack dis-
integration under the present laser scanning conditions at tem-
peratures exceeding about 450 °C and for H diffusion lengths
exceeding about 400 A for the B-doped material and about
730°C and 500 A for the undoped material, respectively. More
in detail, at a scan speed of 10mms ' (70 ms residence time)
and a laser power at or below 1kJjcm™, disintegration is
observed at 780 °C and a H diffusion length of about 750 A for
undoped and 500 °C and about 500 A for our B-doped a-Si:H.
Since disintegration is only observed at the D/H interface
(and not in the bulk of the a-Si:D or a-Si:H films), apparently
a plane of reduced cohesion is required for the disintegration
to occur. An a-Si:D/a-Si:H interface of reduced cohesion may
be caused by surface reconstruction of the a-Si:H film taking
place before the a-Si:D film is deposited. Nucleation effects!*”’
in the initial phase of a-Si:D growth may be involved.
Residual water or oxygen adsorption may also play a role despite
a vacuum of <7 x 10~® mbar in the deposition system during
process gas (silane to deuterosilane) change. The interface
between a-Si:D and a-Si:C:B:H is likely of even poorer quality
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as a transfer from one deposition chamber to the other was
involved. We consider it likely that voids/bubbles at such planes
are present already after deposition or they form when at
enhanced temperature hydrogen starts to diffuse. Upon heating,
molecular hydrogen/deuterium will desorb into such bubbles
and eventually an enhancement of bubble concentration/size will
occur leading to disintegration effects. The difference between
undoped and boron-doped a-Si:H is attributed to the difference
of the temperature-dependent H diffusion coefficient.**?*! We
note that such a disintegration mechanism may not be confined
to a-Si:D/a-Si:H layer interfaces and may well occur within
entirely amorphous a-Si:H material at planes defined by high
strain.'"! These effects need to be considered when a-Si:H films
are annealed, in particular, at high heating rates. Our results
show, furthermore, that a high H diffusion length alone does
not necessarily lead to disintegration, see Figure 5b and 8.
Apparently, a high heating rate is also required.

3. Discussion

The primary results of this work are 1) the finding of heating-
induced disintegration of a-Si:D/a-Si:H stacks; and 2) the
measurement of high-temperature H diffusion in boron-doped
a-Si:H: The hydrogen diffusion-related disintegration of
a-Si:H films is of importance for any annealing procedures
of a-Si:H, like, for example, the dehydrogenation of a-Si:H for
the purpose of precursor layers for solid or liquid phase crystalli-
zation. The present results suggest that primarily the H diffusion
length is of critical importance but also the temperature, the heat-
ing rate, and the presence of planes of reduced connectivity.
Rapid annealing of layer structures involving hydrogenated
amorphous/microcrystalline silicon materials may be affected
by such disintegration. We think that this disintegration effect
can be considered to serve as a model for the peeling of a-Si:H
films which may be of importance, for example, for the fabrica-
tion of silicon on glass devices like solar cells.!"!] This effect is
observed for intrinsic as well as B-doped a-Si:H films.

With regard to interfaces, the results show that our a-Si:H-
based layer structures L24 and L[42 have weak interfaces.
Further work may show if by refined film deposition techniques
such interfaces (“planes of poor cohesion”) between (e.g.)
intrinsic-intrinsic (i-i), p-doped-intrinsic (p-i), and n-doped-
intrinsic (n-i) material can be avoided. Indeed, sample L12
did not show the pronounced stack disintegration as visible
for the samples 124 and 142. However, hydrogen accumulation
at the D/H interface which must be considered as a precursor to
disintegration was observed also for sample L12 at high temper-
ature and high H diffusion length, see Figure 2b in Beyer et al.*”!
Thus, the present experiment of laser scanning paired with SIMS
profiling may serve to detect such weak interfaces. The property
of such weak interface is apparently that upon rapid heating,
hydrogen atoms and/or molecules accumulate there. An
increased concentration of weak Si—Si bonds or voids is likely
involved which may compromise the electronic properties in this
range, with consequences for devices.

We note that interfaces of the type present in this article are
quite common in, for example, thin film silicon as well as Si het-
erojunction solar cell technology. The reduced material cohesion
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observed here may, for example, inhibit solar cell performance.
Although a-Si:H based devices are often deposited on textured
(rough) substrates so that peeling even at high heating rate is
unlikely, the effects of growth-related reduced material cohesion
(increased concentration of voids) may still be present in partic-
ular at certain interfaces like p—i or n—i, and result in electronic
defects. In addition, the diffusion behaviors of intrinsic and B-
doped a-Si:H films are investigated. While for the intrinsic sam-
ples (L24 and L12), the diffusion behavior is confirmed to be
independent of the annealing time, the diffusion of the
B-doped film (L42) differs from the known diffusion character-
istic. For T < 500 °C, the H diffusion is considerably enhanced
while for high temperatures (T > 700 °C) a diffusion coefficient
like those from undoped films are observed. This result shows
that the doping effect by boron on H diffusion is present up to
about 550 °C.

4. Conclusion

Interfaces in a-Si:H layer stacks are found to be sensitive to dis-
integration/layer detachment upon rapid heating like applied by
laser scanning. The results suggest that these interfaces can
involve planes of reduced cohesion where diffusing hydrogen
can accumulate in voids or bubbles and thus cause stack disinte-
gration/layer detachment and peeling. This effect is observed inde-
pendent of the doping of the involved films. Important parameters
are the H diffusion length, the temperature, and the heating rate.
The results show that such planes of reduced cohesion which may
have compromising electronic consequences can be detected by
rapid laser heating along with SIMS depth profiling.

Note that such planes of reduced cohesion and the accumula-
tion of hydrogen at these interfaces might also be a crucial for the
stability upon (rapid) annealing of layer stacks including other
silicon alloys such oxides, nitrides, and carbides.

5. Experimental Section

The investigated films were deposited at Forschungszentrum Jiilich by
radio frequency (rf, 13.56 MHz) glow discharge. As a substrate, Corning
Eagle XGP*! (borosilicate) glass plates of dimension 10 x 10 cm? were
used. The deposition temperature was about 185 °C. The laser heating
of the undoped stacks (termed L12 and L24) was already discussed
previously.l'”! In these cases, the a-Si:H and a-Si:D layers were deposited
in same chamber. Flows of SiH,, SiD4 as well as hydrogen were used.
In detail, for the a-Si:H films a flow of 10 sccm SiH, and a flow of 90 sccm
H, was employed, the rf power was 5W and the pressure was 4 mbar.
The electrode distance was 11 mm, the electrode area was 156 cm>.
For the a-Si:D films, the same conditions were used except that the
SiH4 flow was exchanged by a SiD, flow. The change from SiH, flow
to SiD4 flow involved just the turning off the rf power and shutting off
the flow of SiH,/H,, the pumping of the chamber to <7 x 1078 mbar
and then the turning on of the SiD4/H, flow and the rf power. For L24,
thickness of the stack (a-Si:H/a-Si:D) was approximately 0.35 ypm and the
a-Si:D layer was approximately 0.07 ym thick. For L12, the corresponding
parameters were 0.74 and 0.08 pm. Hydrogenated amorphous silicon
deposited under the applied conditions had been used in thin-film silicon
solar cells.?% Previous work showed that such material was rather dense
(compact) with the diffusion of hydrogen predominantly by atoms and not
by molecules.?'3"

For the deposition of the boron-doped stack (termed L42), trimethyl-
boron (trimethylborane, TMB) was used as the boron carrier gas. Flows of
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12 sccm SiHy, 110 scem Hy, and 12 scem of 1% TMB in He (i.e., 1% B in
silane gas flow) were applied. The gas pressure was 1.06 mbar, the rf
power was 3 W, and the electrode distance was 20 mm. After the deposi-
tion of this a-Si:C:B:H layer (which we term also boron-doped a-Si:H), the
substrate was transferred to another chamber for the deposition of the
(undoped) a-Si:D layer. The conditions used here were the same as for
samples L12 and L24, namely, 10 sccm SiD4 and 90 sccm Hj, 5 W, 4 mbar,
electrode distance 11 mm. Thickness of the stack was approximately
0.33 pm and the a-Si:D layer was approximately 0.07 pm thick. The transfer
time (in Ultra-high vacuum (UHV)) between the chambers was <3 min.

Laser scanning was done at Leibniz IPHT in Jena using a Coherent
Verdi laser with a wavelength of 532 nm and a nominal maximum optical
power of 6.5 W. This laser light was almost fully absorbed in (doped and
undoped) a-Si:H at a depth of about 0.1 pm. A circular Gaussian laser spot
of the radius ro = 0.35 mm (defined by 1/e reduction of the laser intensity)
was scanned over fields of about 9 x 9 mm at a scan speed between 2 and
20mm s~ and a line offset of 0.35 mm (=ry). The scan speed v corre-
sponded to the laser residence time At = 2ro/u!'”! which was considered
as the material annealing time in the laser scanning process. Note, that
increased scan speed translates into increased heating rates. Applied in
the present article were laser energies at and below 3.5 W corresponding
to energy flows near and below 1kj cm™2s™". Laser scanning for samples
L24 and L42 was done both from the glass and film sides, for sample L12
only from the glass side. Transmitted light images (using white light for
illumination) of the undoped stacks L12 and L24 are shown in Beyer et al.l'’!

For measuring the deuterium—hydrogen interdiffusion after laser scan-
ning, secondary ion mass spectrometry (SIMS) was used. Time of flight
instruments (TOFSIMS-IV, and TOFSIMS-V, lontof GmbH, Miinster,
Germany) at Forschungszentrum Jilich was employed. An area of
300 x 300 um? was (typically) sputtered (using a cesium ion beam)
and an area of about 80 x 80 pm* was measured using (usually) a Bis
ion beam. The depth of the SIMS sputtering craters was determined by
a Veeco Dektak 150 profilometer. By fitting the D/(D + H) signals versus
depth with complementary error functions, the deuterium/hydrogen
diffusion lengths L are obtained.??
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