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Abstract

In this study a system for the efficient production of diamond thin film was produced. Films
could be produced both by Hot Filament Chemical Vapour Deposition {HF-CVD) and Alternating Current
Assisted Chemical Vapour Deposition (AC-CVD), or by a hybrid of two methods at the same time. It is a
system which can measure the partial pressure of mixed gases, such as methane, hydrogen and oxygen.
The sample can be also be changed without losing the vacuum because it is incorporates a load-lock
system. Apart from this, the temperature of the hot-filament and the substrate can be measured externally
using an optical pyrometer. This allows greater possible variation of parameters- temperature, pressure,
ratio of gas flows and constitution of gas mixture. This will allow the production of thin films of diamond
repeatably in the future and 31 samples of diamond thin film have been prepared throughout the project. It
has been found that the productiun of diamond thin film on diamond substrate by Vapour Phase Epitaxy
(VPE) depends on the amount of oxide layer and the method of removing the oxide layer. However, since
the number of samples is small, the optimal parameters for perfect epitaxy have not yet been found. More
samples need to be prepared in order to more finely tune the parameters which are involved to find the

optimum set of parameters.
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MIN3TRURUANTANANUIIVOUNY S

TAasaverounaanANGUUIIYOUNYSAI0 Field Emission Scanning Electron
Microscope (FE-SEM}, X-Ray Photoelectron Spectrometer, Laser Raman Microprobe Spectrometer,
1
X-Ray Diffractometer ( XRD) 118% X-Ray Diffraction Topography (XDT) laslisiwaziden fAaii

1) Field Emission Scanning Electron Microscope (FE-SEM)

19 FE-SEM @0 JEOL, Model JSM-6301F figud lanzuaz foq uvinfimeasis
#91 surface morphology AUMIBUNIIIU 12 AI0UNAD SM4 , SM7, SM12, SM13, SM1S,
SM2.5-3, SM2.5-4, SM2.5-5, SM2.5-7, SM2.5-8, SM2.5-9 U102 standard (STD) Aanamsnaluzildi 8

2. X-Ray Photoelectron Spectrometer (XPS)

1% xps oo JEOL finnindmlanms auzdmnssumans ynonsal

¥ » ¥
UHTINNRY N8R 1988 UT BN 1SANAINTIIURS interface NUFIBEIS $1UIU 5 AI0ENAD

SM5,SM 8, SM9, SM16 uAz standard Au@AIWaly 317 3, 3UN 4 ez 5 Tuumd 2 uaz
117 9, 3% 10

3. Laser Raman Microprobe Spectromenter

19 Laser Raman Microprobe Spectrometer ¥¥D Renishaw Model Ramascope 2000, 1%
laser beam 970 laser diode A2WE1INAU 782 nm Ngud lanzuas Taqurisyd Monsieaey
chemical structure ¥8INANLNS, KN nwldAndpaganssmi optics MdIvene 500 1M1 fudaeds

$1UI 7 A296197D SM1, SM4, SM7, SM12, SM13, SMI5 Uy standard Aduaasmaluzlf 11
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4. X-Ray Diffractometer ( XRD) ua¥ X-Ray Diffraction Topography (XDT)

14 X-Ray Diffractometer 8%0 Philips, J14 X' Pert ﬁﬁmﬂﬁﬁﬁmmmaﬂmgmaﬂu
Seifiond amzincenans wmInsdvuenuny uazil Thin Film Attachment dwmiudinsizvans
Taold X-1ays ‘ﬁt},ﬂ diffract NN spectrum W1 monochromator uﬁy‘m’hd x-ray detector i
parallel beam &sponuuUIEMILMS InviimsRavsToguunsusesiy Mdudod
$1W | #1001 Sicno.2 wuiimsideu (shif) voa Si(400), K, peak 11aZWY peaks UDAUNYT
ez B-SiC uanIdsnInifin heteroepitaxial 3914ATI9ABY stress distribution’ AILMATIA X-Ray
Diffraction Topography (XDT) Taon131¥ dental x-ray film xﬁadwmw XDT 11y Berg-Barret LO#

walunInpuIn



2]

CVD

000X

¥

5

¥

5

SM2.5

'(bmr

000X

H

9

¥

>

CVD

(

SM4

a) AC

00

, 2,0

SM2.5-8, 350X

, SMI12

CVD
CVD

o

(H BHF
-SEM 9949815R798191U1577

(d) HF
FE

510N 8 mnen

W

50,000X

3

SM15, 2,000X

SM13,

3
E]

CVD
-CV

{c) AC
‘ {e) AC




NiE)
3000

2000

1000

+ AC-CVD SAMPLE, SM9

|

40 sec.
15 sec.

5 sec.

0 sec.

...........................

—
285 280 275
ginding Energy ?!e‘l}

270

22

AC-CVD SAMPLE, SM16

NiE) }

3000 ¢
MO
$

2000

15 sec.

2
300 295 290 285 280
Binding Energy [xev]

: ] as - I'4 ad
51N 9 XPS spectrographs VOUKUNTIHAIWINMSASGUHANLIIVOINYT 100TT

AC-CVD sample no, SM 9, SM16 ; cumulative etching times no ,5,15,40 U



23

M (E) HF-CVD SAMPLE, SM5 NE | HF-CVD SAMPLE, SM8
1500 + 3000,;

T 40 sec.
ﬁ‘ 40 sec. {
" 2000 4

iAo

4

1000 -

. 5 'sec.

5004 . 1000}
0 sec.
0 - 0
§
I
i
!
|
i
i
i
f
¢
M Y e e o T Ay .l—H—"
300 285 200 285 280 275 270 30 295 290 285 280 D5 270
Binding Energy [#ev] ginding Energy ixeV!

71l#t 10 XPS spectrographs YBUHUIMYTHAIIINAITIASOUNANIBANYS TA033

HF-CVD, sample no. SM5, SM8 ; cumulative etching times % 0,5, 15,40 3419



24

28001 1328.16 emt
(FWEM 3.82 cm™1)
2600~

2400 LJkaﬂhﬁJ\b\P\ﬁfﬁﬂhy\ﬂ
2200- w "’m‘%vw

2000+
1800~ M
1600+
T T T T T
1100 1200 1300 1400 1500
ounts { Raman Shift (em-1) Paged Y-Zoom CURSOR

‘il # 1 SM4-1 ' - B12/97 11:48 PM Res=None

qU# 11 Laser Raman spectrographs 909813630019 HAINTONNTNIIN FE-SEM

USIIU laser beam ANNTENY



25

<
ajuazinssivna

vnnandsva W hurwesiiFdm el uflduneveunssiidusen laduufausy
mysrudszune 5-6A° w3 ozt hitdu 2 monolayer VInHanIAnY T UDeNn lyRYB IHUNYST
MumsihiANuEzemsensantuszn i H SO, v HNO, Aowludhgszuumsinonfiauuiames
%10 3% HF-CVD 119U 6 #20019 82017309 XPS WU peak 483 C-O 71 288 eV da31lfi 5 uazglit 10
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¥D$ Laser Raman Spectrograph #a31U% 12 uozfiveudastiauns sM 13 szl 13 (a) uanniwoon
iM3ARVBINANNYO UUDIHLINYS TS993V (diamond substrate) BuSuNISIIUNANINYS Tavkaves

Laser Raman Spectrographs 114319 13 (c) Adwin1e 1,2,3,4,5......... YDINAUNTT
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Stress and Strain in Heteroepitéxial Diamond Thin
Film on Si (100)

Vittaya Amornkitbamrung
Department of Physics
Faculty of Science
Khon Kaen Umversity
Khon Kaen 40002, Thailand

Abstract

Diamond thin film was deposited on the silicon (100) face substrates using hot tungsten
filament decomposed methane gas in a high vacuum chamber. The deposition conditions
were 102, 107, and 10" millibar pressures and 49, 13, and 3 hours deposition times
respectively. The thin films were analysed by a parallel beam x-ray diffractometer. The
diffracting planes of diamond thin films were (111), (220),(222) and (400). The (111},
(220) planes were diffracted at a Bragg angle higher than the standard values, but the
{(400) plane was a good match to the standard. These results indicate that there is crystal
structure distortion in the directions which are parallel to the (100) plane of the silicon
substrate due to lattice mismatch between diamond and silicon. The thickest diamond
sample was around 225 A calculated from peak broadening of the diamond x-ray diffraction
peaks (111), (220), (400). The compressive stress was about 3100 GPa calculating from
peak shift plot of silicon x-ray diffraction peak (311). The x-ray diffraction topographic
technique simplified from Berg-Barret technique showed the stress distribution over the
sample from silicon diffraction plane (311). The lower diamond thin film thickness sample
was analysed by x-ray photoelectron spectroscopy (XPS).It was found that the thickness
was about 50 A. The XPS results showed SiC and Si0, peaks from the interface region.
Most samples were investigated by ultraviolet-visible spectrophotometer (1100-200 nm )
using reflectance which showed the absorption edges at approximately 220 nm correspond
to the 5.4 ¢V energy gap of diamond.
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1.0 Introduction

Diamond thin films and diamond-like carbon (DLC) thin films which have
perfect crystal structure and appropriate size are most desirable in numerous ,
applications. Epitaxial layers of diamond thin films and DLC thin films are most
desired in electronic and optical application.

Good epitaxial preparation is dependent on the properties of substrates i.e.
lattice matching, crystal perfection, surface treatment etc. The most suitable
substrate (for lattice matching) for diamond thin film deposition is diamond, but
in using diamond substrate there are a few serious problems i.e. crystal perfection
and surface treatment. Suitable diamond size, 5x5x0.3 mm 1s quite expensivc.
The substrate material which has high crystal perfection, well-known surface
treatment and proper size is silicon. Therefore, heteroepitaxial diamond thin films
on silicon substrates are very interesting and popular for diamond and DLC
research. Most techniques for surface treatment or cleaning silicon substrates
involve diamond powder scratching or ultrasonic cleaning with diamond-powder
suspended in organic compound solvent such as acetone or methanol. These
treatments have been believed to enhance nucleation density during diamond
deposition. Therefore , most results are in polycrystalline diamond form, highly
oriented crystallites of diamond, local heteroepitaxial film because of surface
damage from mechanical surface treatment. These results are one-dimensional
heteroepitaxial, it is non two-dimensiona!l heteroepitaxial; layer by layer deposition.
If they are two-dimensional heteroepitaxial, we should detect stress and strain in -
the diamond thin film, interface layer and substrate because of high lattice mismatch
between diamond (a = 3.5667 A) and silicon (a = 5.4309 A). If § is the parameter
which indicates the order of lattice mismatch.!

6 = [(a epitaxial laym- asubstrate) / a subsuate] X 100%

In the tensile stress case , the substrate creates tensile stresses in the epitaxial
layer , given 0 = §,i.e. & is negative. In the case of diamond on silicon, § can be
shown to be:

0 = [(3.5667 - 5.4309 )/ 5.4309] x 100% = - 34%

In the compressive stress case, the substrate compresses the epitaxial layer,
given 6 = §_i.e. 0 is positive. In the case of diamond on silicon it may be two unit

cells of diamond are compressed into one unit cell of silicon, 8_can be shown to
be:

0 =[{2 (3.5667) - 5.4309} / 5.4309] x 100% = 31%

Itis clear that (8) > (8 ), therefore the heteroepitaxial diamond thin film should
induce compressive stress rather than tensile stress.

In this paper, we present the preparation of diamond thin film on Si (100) by
hot tungsten filament chemical vapour deposition, the highest thickness thin film
sample was characterized using x-ray diffraction and Berg - Barrett x-ray diffraction
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topography.” The stress and strain were investigated by peak shift and peak
broadening plots.’ The lower thickness thin film sample was analysed by x-ray
photoelectron spectroscopy (XPS). Most of all samples were investigated by
ultraviolet-visible spectrophotometry.

2.0 Experimental Procedures

The S1 (100) wafer size 4 inches in diameter 0.45 mm in thickness was
sectioned into specimens 15x10 mm and cleaned with acetone and methanol in an
ultrasonic cleaner for 1 hour in each solvent, rinsed with deionized water, and
dried with dry nitrogen. The clean Si substrate was etched by lactic acid: HNO, :
HF = 25:4:1 by volume for 10 minutes and rinsed with deionized water until
neutralized, then dried with dry nitrogen. The Si substrate was put into a vacuum
chamber evacuated to 107 millibar by combined titanium sublimation and
turbomolecular pumnp, and the substrate *‘in situ” thermally cleaned by hot tungsten
filament. The diamond thin film deposition was performed by decomposition of
methane gas, purity 99.9%. During deposition, the pressure was maintained in the
ranges of 107, 10~, and 10" millibar, for 49, 13, and 3 hour deposition times, respectively.

The thin film was analysed by a parallel beam x-ray diffractometer, using
power 40 kV, 35 mA from Cu anode x-ray tube, with divergence slit width 1°.The
sample was set in the orientation for the (001) plane of the silicon plate. The result
is shown in Figure 1(a and b), for the 49 hours deposited on the time sample. But
in the lower deposited time samples we used x-ray photoelectron spectroscopy
(XPS) to analyse surface and interface compositions. We used ultraviolet-visible
(UV-VIS) spectrophotometry to investigate the reflectivity of thin films.

Stress and strain were investigated from silicon diffraction peak (311) using
incident x-ray beam at the fixed angles between 2.00° - 2.45° by increment 0.05
in each step. The results are shown in Figure 2. At the same time we took x-ray
diffraction topographs in some incident x-ray beam fixed angle at y = 2.40, took
topograph at the 26 = 55.830°, exposure time 45 minutes use Kodak dental x-ray
film. The result is shown in Figure 3. This x-ray diffraction topographic technique
1s based on the Berg-Barret technique.

3.0 Results

In Figure 1(a), we can identify the diffraction peaks of the thin film as
(111),(220),(222) and (400) of diamond. Consider the equation for strain analysis
by peak broadening.?

cos® A(28)=(0.9A/h)+2(Ad/d ) sind

where 8 = Bragg angle, A (26) = peak width (FWHM) in radian, A = wavelength
of x-rays = 1.5406 A° (CuK ), h = thin film thickness, Ad = d-spacing difference
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Figure 1a:  X-ray diffractogram of diamond heteroepitaxial thin film on S1 (100y
with the x-ray beam incident on the entire sample 15x10 mm. °
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Figure 1b:  X-ray diffractogram from the ;ame sample used in Figure 1(a) but
with the x-ray beam incident on the central of the sample 5 x 5 mm.
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Figure 2: (311) Si peaks at different incident beam angle between 2.00° - 2.45°
with Ay equal to 0.05°.

Figure 3:  X-ray diffraction topograph at the incident x-ray beam, y = 2.40°,
taken at 20 = 55.830°, and 45 minutes exposure time.
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Figure 4:  Peak broadening plot of the diamond peaks (111), (220) and (400)
from the x-ray diffractogram in Figure la.

between measurement and ASTM-standard = d-d , d = standard d- spacing. If we
plot cosO A (26) vs. sin® of peaks (111), (220) and (400), excluding peak (222)
because it 1s the second order of (111) diffraction peak, we obtain a straight line as
shown in Figure 4. The graph has negative slope, which means there is compressive
stress in the diamond thin film and graph intersect the ordinate axis at 6.13x10
which is equal (0.9 A/h) corresponding to a film thickness around 225 A.
Considering Figure 2, we can analyse that there is stress due to the observed peak
shift , by considering the equation which governs stress and strain by peak shift
plot®as

d,—-d, 1+v
vd ="z osin’ ¥

o

where Y = incident x-ray beam angle with respect to the sample surface, d = d-
spacing calculated from the peak which corresponds to the incident x-ray beam
angle with respect to sample surface, v = Poison’s ratio = (.28 for silicon,* E =
Young‘s modulus = 16.7 x 10' Pa for silicon.’ By plotting the graph using the
relation between (d_-d )/d and sin* y as shown in Figure 5, we obtain a slope of
-23.8 which is equal to

1+vG
E
By substituting v and E for silicon we obtain a stress, &, equal to -3100 GPa, the

minus sign indicates compressive stress which corresponds to about 3x107 atm.
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Figure 5:  Peak shift plot of the peaks (311) Si at incident beam angles between
2.00° - 2.45° with Ay equal to 0.05° as shown in figure 2.

Figure 3 shows the distribution of stress which is high in the centre of the sample
and gradually decreases toward the rim.

The x-ray diffractograms from Figure 1(a-b) were analysed by calculating d-
spacings and indexing as shown in Table 1 and Table 2 respectively.

The XPS results showed the SiC (283.4 eV) and Si0, (103.5 eV) peaks from
the interface region. This position SiC (283.4 eV) peak had been shown to indicate
the B - SiC phase by RHEED.® The UV-VIS results showed that absorption edges
nearly 220 nm correspond to 5.4 eV energy gap of diamond.

4.0 Discussion and Conclusions

In the homogeneous area we proved that a B - SiC interface layer is necessary
to get high quality diamond heteroepitaxial thin films on Si(100) wafers. The
stress observed from the (311) Si diffracted peak shift plot is about 30 million
times atmospheric pressure which stabilizes the diamond film because that is the
* stable range for the diamond phase of carbon in the pressure temperature phase
diagram,
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Table 1. X-ray Beam Incident on Entil.-e Sample, d-Spacings, ASTM
Standard Values, Observed Values and Difference Values (Observed -

Standard)

Material (hkl) ASTM Observed Observed

Standard A° | Values A° | —~ASTM A°
Diamond (111), K_ 2.060 2.0116 -0.0484
Silicon (400), K, 1.357 1.3483 -0.0084
Silicon (400), K 1.357 1.3517 -0.0053
Diamond (220), K_ 1.261 1.2165 -0.045
Diamond (222), K 1.030 1.0109 -0.0191
Diamond (400), K, 0.8916 0.9034 +0.0118

Table 2. X-ray Beam Incident on Center of Sample 5x5 mm, d-Spacing

Values in the Same Sample and the Same Meaning as in Table 1

Material (hkl) ASTM Observed Observed
Standard A° | Values A° | ~ASTM A° °

Si(111) 3.138 3.0361 -0.1019

B-SiC (111) 2.510 2.6845 +0.1745

Diamond (111) 2.060 2.0076 -0.0524

Si (400) 1.357 1.3484 -0.0086

Diamond (400) 0.8916 0.9030 +0.0114

No.
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