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Abstract

Internal stresses induced in boron ®lms formed by vacuum deposition were studied to ®nd the generation mechanism

of compressive stresses by an optically levered laser method. It was found that the internal stresses of boron thin ®lms

changed from tensile to compressive with increasing substrate temperatures and decreasing deposition rates. Deliberate

addition of oxygen gas in an atmosphere with a pressure of 0.02 mTorr did not clearly change internal stresses, though

oxygen content was increased. According to the observation by a transmission electron microscope (TEM), the ®lm

structure was in an amorphous state based on icosahedral subunits. An interatomic distance for the high deposition rate

(0.5 nm/s) was slightly larger by 1.7% than that for the low deposition rate (0.06 nm/s). This result seems consistent with

a ®lm formation model based on adatom migration. Ó 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

It is well known that boronization of ®rst walls is

very e�ective to reduce oxygen contamination in to-

kamak [1±5] and other fusion plasma devices [6]. Plasma

parameters such as energy con®nement time have been

improved signi®cantly with boronization. The thickness

of boron coatings for present devices is an order of 100

nm, which would be enough for pulsed operation. For

future fusion reactors, however, much thicker boron

coatings could be needed because of the necessity of

steady state operations, even though redeposition of

eroded boron and real time boronization [7] would be

considered.

Thin ®lms are generally in a state of stress, which

sometimes causes adhesion failure or exfoliation. These

mechanical failure would be a fatal problem for future

reactors with thick boron coatings. Therefore, it is im-

portant to investigate the internal stress in boron coat-

ings and to ®nd the deposition conditions with good

adhesion and no exfoliation. The mechanical properties

of boron coatings, however, have not su�ciently been

understood.

In our previous work [8], concurrent e�ects of hy-

drogen and helium bombardment on internal stress of

boron ®lms were studied by an optically levered laser

method. It was found that hydrogen ion irradiation with

energies of 100±400 eV resulted in the large compressive

stress due to ion peening e�ects [9]. On the other hand,

helium ion irradiation with energies of 100±400 eV re-

duced the compressive stress.

These results partly account for the generation

mechanism of compressive stress in boron coatings. The

stresses observed in the metallic ®lms and some semi-

conducting materials (silicon and germanium) by vacu-

um deposition are almost always tensile [10]. So the

boron seems to be an exceptional material that can be

deposited in a state of compressive stresses. There still

remain some problems to be solved for the induced

compressive stresses and their relaxation.

In this study, the stress in the boron ®lms formed by

vacuum deposition was observed in detail to ®nd the

mechanism of stress induced under several deposition

condition such as substrate temperature and deposition

rate. The e�ect of oxygen impurity in an atmosphere on

internal stresses from the viewpoint of oxygen gettering

near the plasma surface was also investigated. In addi-

tion, the internal structure of boron thin ®lms on the

deposition rate is discussed.
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2. Experimental methods

Stress measurements were carried out in process for

boron ®lms formation by the vacuum deposition meth-

od. Fig. 1 shows a schematic diagram of boron deposi-

tion and real-time internal stress measurements system.

The boron source materials were evaporated by a con-

ventional 270° de¯ection type EB gun (4 kV, 500 mA).

The substrates were Mo plates with the dimensions of

9.5 ´ 50 ´ 0.4 mm. Temperature of the substrates was

able to be regulated from 150°C to 900°C by a tungsten

heater. Substrate temperature was carefully controlled

within 3°C and its ¯uctuation e�ect on internal stress

can be ignored. The stainless steel vessel was pumped

down to less than 1 ´ 10ÿ4 Pa by a turbo molecular

pump. Film thickness was measured by a thickness

monitor with a quartz crystal oscillator. In addition, the

®lm thickness was measured afterwards in air by a sur-

face pro®le meter (Veeco, Dektak3) to make a precise

calibration.

The stress was measured from the change in curva-

ture induced in the substrate by using an optically le-

vered laser method. The light source was a He±Ne laser

with a power of 0.5 mW. The laser beam was focused on

the detector by the cylindrical lens with 1000 mm focal

length. The resulting translation of the re¯ected beam

was measured by a position sensitive detector (PSD,

Hamamatsu S3931) with a sensitive area of 1 ´ 6 mm2

and spatial resolution of 30 lm. The formula to calcu-

late total stress from the curvature of substrates was

shown in Ref. [11].

3. Experimental results

The results of the total stress (the integral of the

stress over the thickness of the ®lm) are plotted against

®lm thickness for the vacuum deposition with deposition

rate as a parameter in Fig. 2. The positive (negative)

number of the total stress indicates that the stress is

tensile (compressive). Fig. 2 shows that the stress chan-

ges from compressive to tensile, as the deposition rate is

increased from 0.06 to 0.58 nm/s, the stress changes from

compressive to tensile. For all deposition rate condi-

tions, the total stress changes almost linearly with the

thickness, which indicates that the stresses are uniformly

induced regardless of compressive or tensile stress. It

suggests that the interfacial e�ects, such as lattice mis®ts

and dislocations between the ®lm and the substrate,

scarcely contribute to the stress. By taking a close look

at evolution of di�erential coe�cients of stress-thickness

curves, it is found that they increase slightly with the

thickness of the ®lms. Although the reason of this

change is not known, this gives only a minor e�ect to our

results.

In general, stresses in ®lms are strongly a�ected by

substrate temperature. Fig. 3 shows the total stress

Fig. 1. Experimental setup for in-situ internal stress measure-

ment.

Fig. 2. Total stress as a function of boron ®lm thickness with

deposition rates as a parameter.

Fig. 3. Total stress as a function of boron ®lm thickness with

substrate temperatures as a parameter.
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against ®lm thickness with a substrate temperature as a

parameter for the deposition rate of 0.1 nm/s. As sub-

strate temperature increases, the total stress changes

from tensile to compressive. It is noted that the higher

substrate temperature did not result in the relaxation of

internal stress, but resulted in higher compressive stress.

These data may indicate that the compressive stress is

caused by enhanced adatom mobility due to increased

substrate temperature.

One of the generation mechanisms of internal stresses

of thin ®lms, especially for compressive stress, is con-

sidered due to an impurity e�ect [10]. It has been ob-

served that aluminium ®lms deposited in an atmosphere

with deliberate addition of oxygen show compressive

stresses. We also tried to ®nd the e�ect of oxygen gas in

an atmosphere during deposition. Fig. 4 shows the total

stress at the thickness of 400 nm as function of deposi-

tion rate with di�erent oxygen gas pressures and sub-

strate temperatures. It was found that the dependence of

total stress on deposition rates and substrate tempera-

tures with 2.7 ´ 10ÿ3 Pa oxygen gas were similar to those

without oxygen gas (base pressure is about 10ÿ4 Pa).

This result suggests that the introduction of oxygen gas

to the pressure of 2.7 ´ 10ÿ3 Pa did not a�ect the in-

ternal stress of boron thin ®lms.

Oxygen content in boron ®lms were measured by X-

ray photoelectron spectroscopy (XPS, KRATOS AXIS

165). Boron ®lms deposited without oxygen gas did not

contain observable oxygen (less than 1%), while boron

®lms in an oxygen atmosphere contains 5±20% oxygen.

The dependence of oxygen content on deposition pa-

rameters, however, did not show up clearly. From

chemical shift of the observed oxygen peaks of XPS

measurements, oxygen atoms could exist in boron ®lms

as molecules; oxygen was not in a covalent state with

boron. This might relate to the reason why atmospheric

oxygen did not clearly a�ect internal stresses of boron

®lms in our experiments.

4. Discussions

Amorphous ®lms usually show density less than bulk

material density, since their structures are rich in defects

such as large micropores and open voids. Tensile stress in

the amorphous ®lms is due partly to an attractive inter-

atomic force in these defects. M�uller has recently used

molecular dynamic computer simulations to explain the

internal stress as a relation of the ®lm structure [12]. He

showed that with increasing substrate temperature and

with decreasing deposition rate the ®lm resulted in a

transition from a porous ®lm to a densely packed ®lm

with less microvoids. These structures can be understood

in terms of adatom mobility, which depends on temper-

ature and an atomic self-shadowing e�ect. From a cer-

tain temperature onward, the migration rate of adatom is

large enough to surpass the rate of void incorporation

during growth, resulting in denser ®lms with higher

temperature. In addition, as the deposition rate is de-

creased, the self-shadowing e�ect of adatom is less sig-

ni®cant; densely packing ®lms are formed.

Therefore, one of the important physical properties

for clarifying the mechanism of internal stress is density

of boron thin ®lms. We tried to measure the ®lm density

from the deposited mass of boron and the thickness of

®lms. The deposited mass was measured by the oscil-

lating quarts resonator placed near the substrate. The

thickness of the thin ®lms were measured by a surface

pro®le monitor. The results are shown in Fig. 5. The

trend of the change of ®lm density is not clear due to

large errors even in a wide range of deposition rate,

where the stresses also change signi®cantly. The large

error bars were caused by the error of the thickness

measurements. Measured average density is about

2.0 � 0.1 g/cm3, which is quite less than the reported

value of bulk amorphous boron (2.35 g/cm3).

In order to analyse detailed ®lm structure as well as

boron ®lm density, a transmission electron microscope

(TEM, JEOL, JEM-2010) was employed. A di�raction

image of boron thin ®lms showed halo patterns, which

indicated that our boron thin ®lms were in an amor-

phous state. From this di�raction image, we calculated

an e�ective radial distribution function (RDF) express-

ing the distribution of boron atoms at a radial position r

from any reference boron atoms. The results are shown

in Fig. 6 for the cases of a high deposition rate (0.5 nm/s

(a)) and a low deposition rate (0.06 nm/s (b)) with a

calculation result based on an icosahedral subunit model

(B12 model) [13]. The ®rst peaks at 0.184 nm (Fig. 6(a))

and 0.181 nm (Fig. 6(b)) correspond to inter-atomic

distances between the ®rst nearest neighbours and show

Fig. 4. Total stress at the thickness of 400 nm as a function of

deposition rates. Open symbols denote the data for vacuum

deposition (VD), while closed symbols denote the data for

vacuum deposition with deliberate addition of oxygen gas (0.02

mTorr).
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a good correlation with that for the model. The second

peaks at 0.309 nm (Fig. 6(a)) and 0.304 nm (Fig. 6(b))

for the second nearest neighbours are slightly longer

distance than that for the model. The third and fourth

peaks could describe the medium-range order in the

amorphous structure.

For the analysis of an atomic structure, determina-

tion of a coordination number is important. The coor-

dination number can be obtained by integrating RDF

around each peak position, which was approximated by

a Gaussian curve in our study. An estimation of the

coordination numbers, however, is vulnerable to a

truncation error due to ®nite limits of a Fourier trans-

formation of an interference function, which results in

ripples in RDF, for example, appeared around 0.10 nm

(Fig. 6(a),(b)). Due to these ripples, the integration gives

the smaller number than the real coordination number.

These di�erences could be roughly less than 20%. First

coordination numbers of 4.9 (Fig. 6(a)) and 5.3

(Fig. 6(b)) were obtained from our results, while second

coordination numbers were 15.0 (Fig. 6(a)) and 12.6

(Fig. 6(b)). The similarity between our RDF results and

the B12 model could indicate the existence of the

icosahedron as a subunit in amorphous boron, in which

®rst and second coordination numbers can be consid-

ered to be 6 and 15, respectively.

Concerning inter-atomic distance deduced from

RDF, the peak radius of RDF for the high deposition

rate (Fig. 6(a)) is slightly larger than that for the low

deposition rate (Fig. 6(b)), which is observed for all

peaks. However, the di�erence between the high and the

low deposition rate cases is only 1.7% for the ®rst and

the second peaks, corresponding to about 5% di�erence

in volume. This small change in volume is consistent

with the result of density measurements, which shows no

signi®cant change with deposition rates. In a neutron

di�raction study [13], the structure of bulk amorphous

boron would be based on b-rhombohedral structures

with some disorder occurring in the linking between B12

icosahedral subunits. RDF of our TEM results shown in

Fig. 6 is quite similar to that obtained by this study for

all peak positions, which suggests that boron ®lms in our

experiments have basically similar amorphous structures

to that of bulk boron materials with more micropores

and voids because of low density. From the fact that ®lm

density only shows slight change (within 5%) with de-

position rate, it could be suggested that small scale strain

induced in the boron ®lms depending on the deposition

rates would relate to internal stresses. In consideration

of Young's modulus of boron (less than 5 ´ 1011 Pa) and

the internal stress of the order of 1 GPa in our experi-

ments, minimum strain of boron giving the internal

stress of 1 GPa is about 0.2%, which does not contradict

with density measurements and TEM results considering

ambiguity of mechanical properties of amorphous boron

and experimental errors.

Fig. 5. Boron ®lm density as a function of deposition rates. Error bars are mainly caused by thickness measurements of the ®lms by a

surface pro®le meter.

Fig. 6. E�ective radial distribution function (RDF) of boron

thin ®lms measured by TEM for the deposition rate of 0.5 and

0.06 nm/s with a calculation result based on an icosahedral

subunit model (B12 model).
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5. Conclusion

Main conclusions obtained by this study are as fol-

lows:

(1) Internal stresses of boron thin ®lms formed by

vacuum deposition changed from tensile to compressive

with increasing substrate temperatures and decreasing

deposition rates.

(2) Although atmospheric oxygen (2.7 ´ 10ÿ3 Pa)

increased oxygen content in boron thin ®lms to 5±20

at%, internal stresses were not clearly changed with

oxygen content.

(3) TEM observation showed boron thin ®lms were

in an amorphous state based on icosahedral subunits.

An interatomic distance for the high deposition (0.5 nm/

s) rate was slightly larger by 1.7% than that for the low

deposition rate (0.06 nm/s), which seems consistent with

the ®lm formation model based on adatom migration.

For the boronization of ®rst walls by physical vapour

deposition process by using solid boron tangets, the stress

free condition is dependent on both deposition rates and

temperature. It is noted that increase in temperature does

not always cause relaxation of internal stresses in the

temperature range from 150°C to 500°C, but simply

change internal stresses from tensile to compressive.
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