


Laser treatments were performed in ambient atmosphere
using laser sources with a wavelength of 532 nm. The conditions
used for the CW treatment were reported in Beyer et al.[11]

A circular laser spot with Gaussian intensity profile was used.
For the treatment with laser pulses, an Edgewave HD30II-E
Innoslab was used. The laser exhibits a pulse duration of
7 ns and was used at a repetition rate of 40 kHz. A cylindrical
lens and a rectangular aperture were used to form a rectangular
laser beam on the sample, resulting in an irradiated area
of �5� 9mm2 with a 2D top-hat-like intensity distribution.
The irradiation time of the pulsed laser was defined as the time
between first laser pulse and last laser pulse of a contiguous
pulse sequence. The sample temperature was monitored with
a LumaSense IMPAC IN 5/5 plus pyrometer.

The influence of the laser treatment on hydrogen diffusion
was studied by secondary ion mass spectrometry (SIMS)
measurements,[11] and on hydrogen concentration by both
SIMS and Raman spectroscopy in backscattering mode.[16]

Here, a Raman excitation wavelength of λ¼ 532 nm was used,
which led to a Raman information depth of �50 nm[16] due to
the Beer–Lambert law. Photo- and dark conductivity measure-
ments were performed under vacuum conditions on films
equipped with coplanar electrodes after laser treatment. For photo-
conductivity an illumination with 100mWcm�2 (near AM 1.5)
was used. The sub-bandgap absorption was measured by photo-
thermal deflection spectroscopy according to Jackson et al.[17]

3. Results and Discussion

3.1. Continuous Wave Laser Treatment

Depending on laser scan speed v, which defines a laser residence
time t* (t*¼ S/v with S the laser spot diameter) the a-Si:H films
heat up and hydrogen diffuses as the hydrogen diffusion in
a-Si:H is known to follow Arrhenius dependences.[11] The hydro-
gen outdiffusion is visible by the photodarkening effect,[10,11]

which is clearly shown in Figure 1a by the darker color of the
a-Si:H film scanned at a speed of v¼ 2mm s�1, as compared
to the others. For this sample the SIMS depth profile of
hydrogen shown in Figure 1b shows a strong reduction in hydro-
gen concentration toward the surface and the film substrate
interface. For the film scanned with v¼ 10mm s�1 basically
no photodarkening (see Figure 1a), and an almost constant
hydrogen concentration in depth is observed. The temperature
in the laser spot can be calculated from the treatment
conditions.[11] For the scan speed of 2mm s�1 (t*¼ 0.35 s)
a temperature of T � 780 �C is determined, while for the scan
speed of 10mm s�1 (t*¼ 0.07 s) a temperature of T �500 �C
is obtained. Note that the spike in hydrogen concentration at
a (relative) sputter time of t¼ 0.25 marks the interface between
the hydrogenated and the deuterated material. This interface, not
being perfect, tends to involve voids or bubbles covered with
surface-bound hydrogen upon annealing, i.e., leads to some
local hydrogen accumulation. Also note that the decrease of
the hydrogen concentration toward the substrate in the annealed
state, i.e., outdiffusion of hydrogen near the film–substrate
interface, is not always observed. Such an outdiffusion of
hydrogen requires either a substrate permeable for diffusing

H2 or a poor substrate–film interface with a high concentration
of voids. The present films were deposited on SiO2-coated
Corning substrates where the intention of the SiO2 layer is to
provide a medium for H2 outdiffusion.[18]

As discussed in Beyer et al.,[11] measurements of D–H interdif-
fusion allow the evaluation of both the hydrogen diffusion length L
and the temperature T in the laser spot. In Figure 2a it is demon-
strated that for a fixed intentional photodarkening[11] themeasured
hydrogen diffusion length L is constant, meaning that hydrogen
diffusion can directly determine optical properties of a-Si:H. This
happens when hydrogen outdiffusion leads to a reduction of the
bandgap.[10,11] Figure 2b shows the temperatures T reached in the
laser spot as a function of laser power P (applied from the glass
side of the film) and laser scan speed v. The results agree with an
expected linear dependence of temperature on laser power.[19]

Smaller scan speeds v and thus longer laser residence time t* tend
to increase the obtained temperature T.

3.2. Pulsed Laser Treatment

Figure 3 shows the increase and decrease of the measured time-
dependent layer temperature for an irradiation time of ton¼ 3 s.
The average laser power was varied from Pavg¼ 11.7W (black
line) to Pavg¼ 24.9W (magenta line). Similar results were
obtained with an irradiation time of 4, 7, and 10 s (not shown
here). A rather strong increase in temperature over the entire irra-
diation time was observed for all applied irradiation time periods.
The black arrow marks the time when the laser is switched off.
Note that for the conditions used, the temperature does not reach
a steady-state value over the duration of the laser irradiation.
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Figure 1. a) Transmitted light image of a-Si:H treated by scanning with a

CW laser at 2.7 W laser power (from the a-Si:H layer side) with various

laser scan speeds v (reprinted from Beyer et al.,[11] with the permission

of AIP Publishing). b) SIMS depth profiles of hydrogen (HþD), normal-

ized to 30Si signal for the a-Si:H films of Figure 1a, treated with laser scan

speeds of 2 and 10 mm s�1 for illumination from layer side.
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In Figure 3b the maximum layer temperature is plotted
as a function of the applied laser power for irradiation time peri-
ods ton of 3 and 10 s. The graphs show that a linear dependence
of the maximum layer temperature is present for a wide range
of the applied laser power.

The shape of the temperature evolution in Figure 3a follows
generally the behavior expected when using a 1D transient model
and a flat, surface-heated semi-infinite body for the calculation
of the heat distribution.[20] Here, the heat distribution can be
calculated analytically and a square root time dependence is
determined for the surface temperature. The analytical model
also predicts the observed, almost linear dependence of the max-
imum layer temperature on the applied laser power. This linear
dependence is also in agreement with the results found for the
CW laser treatment (cf. Figure 1b).

The Raman-detected relative hydrogen concentration is shown
in Figure 4 as a function of maximum layer temperature
Tmax. The black symbols (“ref”) refer to as-deposited samples.

The scatter in the data shows the fluctuation of the hydrogen
concentration between different samples and sample positions.
The color of the other symbols indicates the irradiation time
(red 3 s, magenta 4 s, green 7 s, blue 10 s). The data show that
the hydrogen concentration primarily depends on the maximum
process temperature Tmax and not so much on the irradiation
time ton. This agrees with the theory of diffusion where the
diffusion length L has a square root dependence on time but
an exponential dependence on temperature.[11] Therefore, Tmax

can be used as a reference value to characterize the individually
treated samples. As guide to the eye, we additionally plot a locally
weighted second-order polynomial regression (loess) curve
of all data points.[21]

Figure 4 shows that the hydrogen concentration steadily
decreases with increasing Tmax. For temperatures above
Tmax¼ 600 �C, the hydrogen concentration is below the detection
limit of the Raman spectroscopy system used in this work.
Despite the scatter of the data, the results suggest a slight

Figure 3. a) Time-dependent layer temperature for the laser treatment time of ton¼ 3 s. The average laser power was increased from Pavg¼ 11.7W

(black curve) to Pavg¼ 24.9W (magenta curve). The black arrow marks the time when the laser is switched off. The increased noise level for low

laser powers is due to an inappropriate setting of the sampling rate of the pyrometer for the respective measurements. b) Maximum layer temperature

depending on the laser power for an irradiation time ton of 3 s (red dots) and 10 s (blue dots). The dashed lines refer to linear fits for the measured

values.
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Figure 2. a) Hydrogen diffusion length L (in the bulk) as a function of laser scan speed v for various intentional photodarkening levels,

measured in multiples of a standard photodarkening level termed SPD.[11] Film thickness here was 750 nm. b) Layer temperature T in the laser spot

as a function of laser power P for various scan speeds v. Laser illumination here was from glass side. Closed symbols refer to an a-Si thickness

of 750 nm, open symbols to an a-Si thickness of 350 nm. Reprinted from Beyer et al.,[11] with the permission of AIP Publishing.
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decrease of cH already for maximum temperatures below

Tmax¼ 300 �C, although from hydrogen diffusion and effusion
measurements little hydrogen mobility is expected for this type

of a-Si:H at temperatures <300 �C.[22]

Aiming for a better understanding of the dependence of
Raman-detected hydrogen concentration as a function of Tmax,

the hydrogen diffusion process induced by the laser treatment
was modeled by means of 1D finite element (FEM) simulations.

The time-dependent advection–diffusion solver of the FEM tool
ELMER[23] was used. The surface of the sample as well as the

substrate was defined as a hydrogen sink, as this behavior

was found by the SIMS measurements of CW laser hydrogen
diffusion in a-Si:H (see Figure 2). Selected temperature versus

time profiles measured during the laser treatment (cf. Figure 3a)

were taken as input parameter. A diffusion coefficient prefactor

ofD0¼ 10�7m2 s�1 and an activation energy of EA¼ 1.3 eV were
used.[22] We note that using a single Arrhenius dependence of

the hydrogen diffusion coefficient for the whole hydrogen
effusion process is a very strong simplification.[13,22] The simula-

tions were conducted for four processes with an irradiation
time of ton¼ 3 s and three processes with an irradiation time

of ton¼ 10 s.
Figure 5a shows the simulated hydrogen concentration pro-

files c
0

H,SIM within the amorphous silicon layer as a function
of the maximum layer temperature Tmax. As expected, the

hydrogen profiles indicate a depletion of hydrogen near the
film surface and the film–substrate interface. This depletion

is a result of the hydrogen outdiffusion with increasing temper-
ature Tmax. The similarity to Figure 2b is apparent. Up to a

maximum layer temperature Tmax of about 350 �C (3 s) little
changes of the assumed rectangular original hydrogen concen-

tration profile occur. We note that a similar sine-function depen-

dence of hydrogen concentration on depth for high annealing
temperatures was obtained when the diffusion equation was

solved to explain the temperature dependence of hydrogen
effusion.[24] Figure 5b shows a comparison between the hydro-

gen concentration cH,SIM calculated from the simulated hydrogen
depth profiles c0H,SIM and the hydrogen content cH taken from the

loess curve of the Raman measurements. The hydrogen concen-
tration cH,SIM was calculated using the hydrogen concentration

profiles from Figure 5a, taking into account the limited

Raman information depth. The comparison shows that the sim-
ulated hydrogen profiles represent the trend detected by the

Raman hydrogen concentration measurements. Nevertheless,
it is important to note that for temperatures up to 480 �C (blue),

most of the hydrogen in the layer is not affected by the laser treat-
ment (Figure 5a). However, the measured hydrogen concentra-

tion by Raman cH (Figure 4) already shows some decrease of

the concentration. This may be because Raman measures only
a thin surface layer. Other reasons could be 1) that only a single

Arrhenius dependence of hydrogen diffusion was used for the
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Figure 5. a) Simulated hydrogen concentration profiles c0H,SIM for different maximum layer temperatures Tmax (black 214
�C and 3 s, red 264 �C and 3 s,

green 353 �C and 3 s, blue 439 �C and 3 s, orange 479 �C and 10 s, magenta 584 �C and 10 s, grey 611 �C and 10 s). In addition, the range of the Raman

information depth is marked in light green. Note that hydrogen concentration profiles c0H,SIM for maximum layer temperatures Tmax of 214, 264,

and 353 �C are almost on top of each other and thus difficult to distinguish. b) Comparison between the hydrogen content cH,SIM calculated from

the simulated hydrogen depth profiles c0H,SIM and the hydrogen content taken from the Raman loess curve cH.
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Figure 4. Relative change of the hydrogen concentration cH detected

by Raman as a function of the maximum layer temperature Tmax. The

as-deposited references are marked by black symbols. The colors refer

to the exposure time (red 3 s, magenta 4 s, green 7 s, blue 10 s).

As guide to the eye, a loess curve of all data points is also shown.
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simulation while it is known that hydrogen diffusion in

a-Si:H depends on the hydrogen concentration and 2) that near
the film surface not only hydrogen diffusion but also hydrogen

surface desorption processes may play a role.[13,22]

To gain some insight into the influence of the laser treatment
on deep defects, the sub-bandgap absorption[14] as well as photo-

and dark conductivities were measured.[13,25] Samples with
264 �C≤ Tmax≤ 655 �C were used. The influence of the laser

treatment on the absorption coefficient α (versus photon energy

Eph) of a-Si:H is shown in Figure 6. For measured maximum
process temperatures up to Tmax¼ 584 �C no influence on the

sub-bandgap absorption at a photon energy of Eph¼ 1.2 eV
is observed. An increase of the sub-bandgap absorption is

found exclusively at Tmax> 600 �C. Here, the sub-bandgap
absorption (at 1.2 eV) increases over one order of magnitude

for Tmax¼ 655 �C as compared to the untreated reference.
In addition to the increase in sub-bandgap absorption,

Figure 6 also shows a shift of the E04 optical gap to lower energies

with decreasing hydrogen content at Tmax> 400 �C. This is in
agreement with the observed photodarkening of the CW laser-

treated samples (see Figure 2).
The influence of the maximum temperature Tmax during

laser treatment on the photo- and dark conductivity is shown

in Figure 7. For comparison, the sub-bandgap absorption
α1.2 eV at a photon energy of Eph¼ 1.2 eV and the optical gap

E04 are also plotted. The photoconductivity σph (Figure 7, red

stars) is in the same order of magnitude for all analyzed samples.
However, a strong increase of σd is observed for maximum

process temperatures Tmax≥ 600 �C (Figure 7, black squares).
For these samples, σd increases over four orders of magnitude

compared to the as-deposited reference. In the same temperature
range where the dark conductivity σd increases the sub-bandgap

absorption α1.2 eV increases, too.
These latter results are consistent with the measured and

calculated (Figure 5a) hydrogen concentration values, which

indicate values less than 1–2 at% at Tmax> 600 �C in the

near-surface region. For such a material, electrical conductivity
is known to proceed by hopping conduction via defect states near
midgap,[13,26] e.g., dangling bonds, and dark conductivity values
of 10�6 S cm�1 were reported at room temperature. This is con-
sistent with the dark conductivity σd of 10

�7S cm�1 reported here
(Figure 7) considering the fraction of�10% of the layer thickness
(see Figure 5a) affected by hydrogen outdiffusion. This near-
surface layer with enhanced defect concentration is not expected
to change the photoconductivity σph greatly as long as the affected
layer volume (thickness) does not involve a major part of the film,
as the photoconductivity is also measured in coplanar configura-
tion. The change in the optical gap E04 with rising maximum
temperature Tmax differs from the changes in dark conductivity
σd and the sub-bandgap absorption α1.2 eV because it starts at
lower temperatures Tmax near 400 �C. These changes are not
caused by the increase in density of localized states but by the
reduction in hydrogen concentration.[13] Directly related to this
reduction of the optical bandgap is the photodarkening effect.

The present results demonstrate that the laser-induced
temperature rise influences optoelectronic properties of a-Si:H
primarily via hydrogen outdiffusion. In the depth range where

Figure 6. Influence of the laser treatment of a-Si:H on the sub-bandgap

absorption. The sub-bandgap absorption is shown for maximum process

temperatures 264 �C≤ Tmax≤ 655 �C. The vertical dashed line indicates

the sub-bandgap absorption at 1.2 eV, while the horizontal dashed line

marks the E04 optical gap.
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hydrogen diffuses out, the optical gap shrinks. In this region,
even a high concentration of defects with states near midgap
can form. The impact on the electronic properties depends thus
on the thickness of the a-Si:H films. Thinner films are more
strongly affected than thicker ones. By a proper choice of laser
parameters, a tailored manipulation of film properties appears
possible. It is therefore also possible to generate specific flows
of hydrogen out of a layer. For the investigated material, the data
of Figure 4 and 7 show in particular that for laser annealing at a
maximum layer temperature of �500 �C almost half of the
Raman-measured hydrogen is driven out, whereas the photo-
and dark conductivities as well as the sub-bandgap absorption
remain unchanged.

4. Conclusions

We demonstrated that by using CW as well as pulsed laser sour-
ces at a wavelength of λ¼ 532 nm the hydrogen concentration of
a-Si:H films on glass can be reduced greatly in the surface and
(depending on the film–substrate interface) in the near-film–

substrate interface region. With both laser treatment setups
applied, temperatures exceeding 600 �C causing significant
hydrogen outdiffusion can be obtained in a few seconds or less.
In fact, the hydrogen concentration in the near-surface region
could be reduced below the detection limit of hydrogen by
Raman spectroscopy. Whereas a reduction of near-surface and
near-interface hydrogen concentration to 1–2 at% leads to rather
significant electrooptical changes, a reduction of the surface
hydrogen by almost a factor of 2 has little negative impact on
either the electrical or optical properties of a-Si:H. Using
laser-induced dehydrogenization, it is possible to modify an
amorphous silicon layer over a wide parameter range without
strong impact on the electrical properties. The influence of
the intense irradiation on the distribution of hydrogen is sup-
ported by finite element simulations.
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