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T h e r m a l desorption spectroscopy (TDS) based on the mass spectroscopy of thermal ly evolved 
hydrogen is used for desorption analysis of amorphous hydrogenated silicon (a-Si:H). Two series of 
glow discharge chemical vapour deposited a-Si:H were investigated by the T D S method . Cons tan t 
t e m p e r a t u r e growth ra te enabled to determine t empera tu re regions of hydrogen evolution and its 
to ta l content in the film. These values are compared with the results of infrared (IR) absorpt ion 
spectroscopy. T h e dependence of the H content and the position of t he m a x i m u m of t he evolution 
curve on deposit ion conditions, as radio frequency (RF) power used in a s t anda rd p lasma enhanced 
chemical vapour deposit ion ( P E CVD) glow discharge, was observed. T h e R F power was related 
to a silane flow ra te dur ing the deposit ion. The lower t empe ra tu r e of t he evolution peaks and 
simultaneously the lower H content were observed in the layers prepared under t he larger relative 
R F power conditions ( the high silane decomposition efficiency). These results correlate well with 
light degradat ion measurements in device quality samples. 

The thermal desorption spectroscopy (TDS) is a 
modern analytical method for organic substances [1]. 
It can be also used in special cases for analysis of in
organic materials and their chemical binding, e.g. to 
evaluate the content of gas elements or substances in 
bulk solids or thin solid films, their bonding energy, 
and the structure of crystalline or amorphous network. 
In this paper TDS was used for the study of hydro
gen in amorphous hydrogenated silicon a-Si:H. The 
previous papers on this topic used different detection 
techniques. The first activity in this direction reported 
the application of total pressure gauge for the hydro
gen detection [2], in the later attempts the gas chro
matography [3] and the quadrupole mass spectrometer 
[4, 5] have been used. In this paper we use quadrupole 
mass spectrometer in a computer-operated apparatus. 

Hydrogen can be incorporated in high quality a-
Si:H in several configurations. The most of it is bonded 
in a monohydride form SiH and the remainder in SÍH2 
and SÍH3 groups which can be well distinguished by 
the IR spectroscopy. The existence of hydrogen, its 
content, bonding and distribution in a-Si:H is proved 
to be of crucial importance for the device quality a-
Si:H [5]. In spite of this fact, many controversies re
main in the issue of hydrogen in a-Si:H. Let us take the 
silicon—hydrogen bonding and hydrogen release from 
the bonding. According to Jackson and Zhang [6] H is 
predominantly bonded in the silicon network in pairs 
on sites of broken weak Si—Si bonds. In such a way 
"number density" of approximately 4 x 1021 cm - 3 can 
be inserted and removed from the Si network without 

any impact on electron paramagnetic resonance signal. 
The reason for this is that after each releasing of the 
hydrogen atom the Si—Si bond is likely reconstructed. 
The observed diffusion activation energy of bonded H 
is about 1.5 eV, for the defect annealing even 1.1 eV 
although according to calculations it should be at least 
2.3 eV. 

The associated problem is, how to insert two H 
atoms instead of a weak Si—Si bond. Calculations of 
bond distances, angles, and repulsive forces of bonded 
H atoms, and also NMR measurements indicate that 
their energetical distance is not closer than 0.2— 
0.23 eV [6]. Four possible ways of inserting of two 
hydrogen atoms into silicon network that cannot be 
distinguished by the IR spectroscopy are illustrated 
in Fig. 1. Moreover, Si atoms can be in three charge 
states - neutral, positively and negatively charged. 
The TDS method can help to study (examine) the con
centrations of the H atoms in various configurations. 
The release rate and corresponding release tempera
ture are proportional to the Si—H bond energy, which 
differs for different Si—H configurations. Several other 
models of hydrogen bonding and distribution in amor
phous silicon network have been suggested [7—9], but 
the results are controversial. 

E X P E R I M E N T A L 

The apparatus (Fig. 2) consists of the desorption 
chamber of small dimensions provided with the heated 
sample holder connected through a gate valve to the 
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F i g . 1 . Four poss ib le ways of i n s e r t i n g two H a t o m s into sili

con n e t w o r k , a - two H a t o m s inser ted into t h e S i — S i 

b o n d , 6 - f o r m a t i o n of a n H J c o m p l e x , с - f o r m a t i o n of 

m o l e c u l a r H 2 , d - l a rger scale r e l a x a t i o n involving t h e 

second a n d t h e t h i r d n e a r e s t n e i g h b o u r s [6]. 
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F i g . 2 . Block d i a g r a m of t h e a p p a r a t u s for t e m p e r a t u r e cont ro l 

a n d d a t a acqui s i t ion of t h e t h e r m a l d e s o r p t i o n spec

t r o s c o p y ( T D S ) m e t h o d . 

vacuum pumping unit AV-63 equipped with the mass 
spectrometer (Leybold-Quadrex 200) and the cool 
trap. The apparatus is controlled by a computer. The 
computer temperature control actuates the D/A unit 
with power output (Mesit Z-YE-3T/X), the tempera
ture of the sample is measured by the Fe—constantan 
thermocouple and the A/D converter (Tesla MIT 330) 
forming feedback for the control loop. All these instru
ments are connected to the computer by the IEEE 488 
bus. The mass spectrometer Quadrex 200 is connected 
to the computer by the RS 232 bus. The Quadrex 
200 built-in software enables to operate in 9 display 
modes, of which the table mode is the most convenient 
one, because it simultaneously gives values of 6 chosen 
adjustable mass numbers. The computer collects all 
the data, i.e. the temperature, time, and preselected 
partial pressures of chosen elements into the data ar
ray and gives their time evolution on the screen display 
in both graphical and numerical forms. The sample is 
inserted into the desorption chamber, pumped to the 
base pressure of 10~4 Pa, and after that the tempera
ture starts to rise forming a linear temperature ramp. 
The hydrogen is evolved gradually at temperatures in 

excess of 200°C expressing several typical peaks. Af
ter completing the desorption cycle at about 700 °C 
the calibration dose of molecular hydrogen is injected 
into the desorption chamber, while the data collecting 
continues. The resulting data are then plotted against 
the time, integrated and calibrated for absolute and 
relative content calculation in mole %. 

The described apparatus enables the measurement 
of the desorption spectra of preselected gases with the 
absolute sensitivity better than 1 mm3 . The temper
ature controller operates with the linear temperature 
rise and adjustable sweep rate is from 0 to 50 °C per 
min with the maximum achievable temperature about 
700 °C. 

The IR spectra were measured by the Perkin—El
mer 1720 Fourier IR spectrometer and the H total 
content ф was calculated by the standard method from 
630 c m - 1 absorption peak described e.g. in [10]. 

400 500 
0l°C 

600 700 

F i g . 3. Dependence of the evolution curve shape on the tem

perature sweep rate. 1. 10 °C m i n - 1 , 2. 15 °C m i n - 1 , 3. 

20 °C m i n - 1 , 4. 25 °C m i n - 1 , 5. 30 °C m i n - 1 . 

R E S U L T S A N D D I S C U S S I O N 

A. Fig. 3 shows the evolution curves of a-Si:H pre
pared by decomposition of silane in microwave ECR 
plasma in our laboratory. The layer was 2 /xm thick 
with the area of about 0.5 cm2. The reproducibility 
of the method was checked by comparing the total 
hydrogen content measured on an identical material 
giving the values from 12 to 14.mole %. 

As it is obvious from Fig. 3, hydrogen is evolved 
from a-Si:H in the temperature range from 300 up to 
700 °C. It could be incorporated in various configura
tions mentioned above. It might evolve in two or three 
energy steps and the largest energy controls the evo
lution process. At first atoms from Si=H2 configura
tion are released, as confirmed by IR spectroscopy of 
partially heated samples and concomitant decrease of 
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THERMAL DESORPTION SPECTROSCOPY 

Table 1. Preparation Conditions of Power P and Relative Power Pr Series 

Sample P/W Q/(cm 3 m i n " 1 ) P r /(W/(cm 3 m i n " 1 ) ) *(H)/mole % 
IR TDS 

#тах/ °C 

1275-5 

1276-5 

1277-5 

1278-5 

1279-5 

1280-5 

1285-5 

1286-5 

1287-4 

1288-5 

1289-4 

1290-4 

1291-5 

64 

32 

16 

8 

4 

128 

32 

30 

26 

20 

15 

9 

32 

78 

40 

20 

10 

5 

2.5 

78 

0.41 

0.75 

1.3 

2 

3 

3.6 

0.41 

14.8 

10.7 

5.7 

4.3 

4.5 

12.6 

10.4 

4.3 

3.7 

4.4 

4.3 

4.5 

7.2 

17.8 

11.5 

5.7 

5.5 

4.8 

13.2 

9.0 

4.6 

4.4 

4.7 

4.8 

4.2 

8.8 

525 

499 

473 

464 

478 

514 

496 

494 

492 

478 

476 

467 

488 

Q - the silane flow rate, IR resp. TDS - H content measured by IR spectroscopy resp. TDS, 0n 

of the TDS curve. 
• the temperature of the maximum 

the absorption peak situated at v — 2090 c m - 1 . This 
configuration is present mainly in the interconnected 
voids, so released H can easily diffuse to the sample 
surface at temperatures slightly in excess of 300 °C. 
The observed resulting position of the evolution peak 
at 400 °C is then independent on the thickness of the 
film [4]. According to the low transport energy in the 
interconnected void model the evolution is controlled 
by the surface energy barrier. At about 400 °C the void 
structure collapses and rather compact material is re
constructed [5]. The most of remaining hydrogen is 
now bonded in Щ configurations in platelet clusters 
according to Fig. la,b,d. The rest is in single pairs 
(Fig. 1 c) or single Si—H configuration dispersed in the 
bulk. The evolution from such configurations is con
trolled by the trap limited diffusion [6], so the position 
of the second evolution maximum moves to a higher 
temperature with the increasing thickness or temper
ature sweep rate. In the experiment, some other phe
nomena occurred. If there is an internal stress in the 
films and the temperature sweep rate is high, hydrogen 
accumulates in the voids and is subsequently released 
explosively. This phenomenon was observed with some 
samples, usually of inferior quality as a burst-like evo
lution of remaining hydrogen with the collapse of the 
layer. Roch and Delgado [1] observed in their GD films 
a sharp evolution peak at 500—520 °C. Also recrystal
lization was observed, but at much higher tempera
tures. Some of our MW ECR CVD samples and the 
samples delivered by Stuchlík et al. [11] show a sharp 
evolution peak at 590 °C, most probably indicating the 
recrystallization. The possible presence of oxygen is 
not considered to have an effect according to high sta
bility of the silicon—oxygen bonding. 

B. Two series of PE CVD samples were investi
gated by the TDS and IR method. The deposition con
ditions were following [11]: the pressure of SiH4 was 3.5 
Pa and the deposition temperature 0D = 400 °C. The 
variable parameter was the RF power in the first series 
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Fig . 4. Comparison of H content measured by IR spectroscopy 

and TDS. О Series 1. • series 2. 

and the RF power related to the flow rate of SiH4 in 
the second series. The resulting parameter was the rel
ative power PT = P/Q, where P is the RF power and 
Q is the silane flow rate. After P adjusting Q was var
ied so that the measured partial pressure of H atoms 
was constant, so PT is proportional to the efficiency of 
the silane decomposition. Dissociated H pressure was 
measured by the mass spectrometer during the depo
sition process. 

The dependence of hydrogen content on the RF 
power for the first series and on the relative power 
for the second one is in Table 1. The total hydro
gen content assessed by IR spectroscopy is in good 
agreement with that of TDS measurements, as it is 
obvious from Fig. 4. TDS spectra of the first (power) 
series are in Fig. 5. The character of the spectra varies 
only slightly, although the hydrogen content rises with 
RF power significantly (Fig. 6). There is apparent the 
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Fig . 5. Evolution spectra of the RF power series according to 

Table 1. Total content of H (x(H)/mole % ) : 1. (1275-5) 

17.8 %, 2. (1276-5) 11.5 %, 3. (1277-5) 5.7 %, 4. (1278-

5) 5.5 %, 5. (1279-5) 4.8 %, 6. (1280-5) 13.2 %. 

R F power / W 

Fig . 6. H content dependence measured either by IR spec
troscopy or TDS on the RF power introduced into 
plasma during the deposition. О TDS , • IR. 

peak shift to a higher temperature while rising H con
tent and RF power (Fig. 7). This may be explained 
so that the higher content of H in the sample causes 
the higher concentration of the platelet hydrogen clus
ters. Released hydrogen leaves more dangling bonds 
that form traps for diffusing hydrogen. It is rather 
surprising, but current experience shows that better 
structured a-Si:H has the evolution maximum at the 
lower temperature. The degradation experiments on 
the same samples [12] confirm the correlation between 
the temperature of the evolution maximum position 
and stability against the Staebler—Wronski effect, the 

10 100 
RF power / W 

F i g . 7. Position of the TDS maximum in dependence on the RF 
power introduced into plasma during the deposition. 

400 0/°C 600 

F i g . 8. Evolution spectra of the relative RF power series. Total 

content of H (x(H)/mole % ) : 1. (1285e) 9 %, 2. (1286e) 

4.6 %, 3. (1287d) 4.4 %, 4. (1288e) 4.7 %, 5. (1289d) 

4.8 %, 6. (1290d) 4.2 %, 7. (1291e) 8.8 %. 

lower the maximum temperature, the better stability. 
The hydrogen content increases with the RF power 

(Fig. 6). This may be caused by the increase of H 
concentration in plasma during the deposition and its 
rising average energy. Consequently hydrogen atoms 
have energy enough to penetrate into deeper sites in 
the layer to break weak bonds and to be trapped there 
[9]. But for the RF power still larger the total hydro
gen content decreases again and this effect is not sat
isfactorily explained. It was found that excessive hy
drogen content causes increased susceptibility to the 
Staebler—Wronski effect even if the initial density of 
dangling bond is lower. 

C. The evolution spectra of the second (relative RF 
power) series (Fig. 8) become narrower and the shoul-
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relative R F power /(W / (cm3 min"1)) 

Fig . 9. Dependence of H content on the relative RF power for 
the second series. О TDS, • IR. 

0.3 0.5 1 2 3 5 
relative R F power /(W / (cm3 min"1)) 

Fig . 10. Position of the TDS maximum against the relative RF 
power introduced into plasma during the deposition. 

der at about 580 °C occurs. In some cases not shown 
here even a sharp evolution peak was observed. Re
sulting Fig. 9 gives nearly the same hydrogen content 
of 4—5 mole % with the exception of the samples pre
pared under the lowest relative RF power. A different 
mechanism of the layer growth may affect this fact 
namely when the deposition rate is too high, the re
sulting incorporation of SiHn radicals occurs because 
surface reactions are not completed before new rad
icals have been absorbed. The total H content then 
increases, too. On the other hand, the samples exhibit 
a slight shift of the evolution maximum to a lower tem
perature with increasing Pr (Fig. 10), so the samples 
prepared at the large relative RF power, but with the 
small RF power and the small flow rate of silane (high 
efficiency of the silane decomposition), had a structure 

with the lower amount of built-in voids. It is soon to 
decide which parameter has the dominating influence 
in our case. 

C O N C L U S I O N 

Models for hydrogen bonding and transport in a-
Si:H presented in [6—8], are examined. The thermal 
desorption spectroscopy as a new analytical tool was 
developed and used for the quantitative evaluation of 
the hydrogen bonding and concentration in a-Si:H thin 
films with the result that materials with the mass as 
small as 10~5 g could be analyzed with the sensitivity 
of about 1 mm 3 H2 at the normal conditions. 

A series of MW ECR CVD samples was measured 
by this method and the influence of the varying tem
perature sweep rate on the high temperature evolution 
peak shift was observed. 

Two series of GD CVD samples were analyzed by 
the TDS method. The total hydrogen contents calcu
lated from the TDS and IR spectra were compared. 
Detailed observation of TDS was performed. The de
pendence of the high temperature peak shift on the 
deposition RF power and on the relative RF power 
was observed. This shift correlates well with the sam
ple quality investigated by the light degradation mea
surements [12] at the same series. The lower temper
ature of the evolution peak indicates the higher sta
bility against light degradation. As a result, the total 
RF power is not a significant quality parameter for 
PE CVD a-Si:H, but it depends on the relative RF 
power, PT. Decreasing of the flow rate Q while the H 
concentration in plasma remains constant results in 
the higher degree of silane decomposition. The layer 
quality then increases. 
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