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Abstract 

We report a study of the electronic stru ctu re of thin diam ond films by core sta te (X-ray photoelec tron spectroscopy (XPS)) and
 
va lence band (U V phot oelectr on spectroscopy (UPS)) ph ot oelect ron spectrosc opy. These techniques were used to invest iga te the
 
diffe rent phases in the initial growth of polycry stalline diam ond films on Sir 100) su bstrates. The films were deposited by a sta ndard
 
microwave techniq ue as well as by b ias-enh anced micr o wave pla sma che mical vapo ur dep ositi on in a dilut e mixture of meth an e in
 
hydrogen. The influence of sample preparat ion (such as prebiasing or pr escratching of the silicon su rface with different sized diamond
 
powder prior to dep osit ion) on nuclea tion density and electronic stru cture was a lso investiga ted by scanning electron micr osco py a nd
 
photoelectron spect roscopy (P ES) respect ively. The surface composi tion was probed as a functi on of deposition time. Th e XPS data
 
reveal the format ion of an SiC pha se a t the earl y s tage on nu clea tion , pr ecedin g the gradua l grow th of diamond . At int ermedi at e
 
stages a combination of different ca rbon phases was observ ed , Th e atomic struc ture of the in terface phases is discu ssed and a growth
 
model is proposed. Valence band spectra of the differen t samples show the extreme sensi tivity of PES to impurities a nd to surface
 
properties such as reconstruction, The o btained data were compared to valen ce band measu remen ts of na tur al diamond and o ther
 
Iorms ofcarbon and to some exten t to data o btained wi th Rama n spectroscop y.
 

Introduction 

nee the discovery of the microwave plasm a chemical 
mr deposition (CVD ) technique to produce diamond 
'diamond-like carbon films, hu ge effort was put in 
Jining ever better quality films, One importan t step 
hisevolution was the establishment of various nucle

increase th e 
nucleation density. It is a well

\\0 fact that the surface density of diamond particles 
is enhanced on scratched sub 

surfaces. In particular, sur face polishing by dia
, grit seems to be the mo st efficient, compared to 

,lee treatments with o ther ab rading mater ials [ll 
" ISthe aim of the present paper to participate in the 

ussion about the differences of different pretreating 
OOS on the growth of diamond films. Because of 

photoelectron spectroscopy 
for studying the init ial 

of nucleation and growth of diamond on a non
nd substrate [ 2l The possible potential of P ES 
racterizing CVD diamond films will be discus sed 

g to an error a t the Edi tor-i n- Chi ef 's office this paper was 

nenhancement procedures in order to 
sition rate and 

unit substrate area 

sarface sensitivity of 
I. this techniqu e is ideal 

m
uded in the Pr oceedi ngs of Diamond Films '93, 

2. Experimental deta ils 

Our diamond films were deposited by a standard 
microwave-plasm a-ass isted chemical vapour deposition 
(MWCVD) in the do wnstream configuration. The appa
ratus consisted mainly of a qu artz tube with 41 mm 
inn er diameter in wh ich the incoming methane and 
hydrogen mi xture was activa ted to a plasma. The com
po sit ion of the mixture was regulated by flow meters, 
and the temperature of the sample was measured by a 
one-colour pyrometer. 

The Si (100) wafer pieces were scratched for several 
minutes using diamond poli shing dust of sizes 0.1, I and 
3 urn, then ultrasonically cleaned in aceto ne and dried 
by nitrogen. In the case of the biased sample an Si ( I l l ) 
wafer was exposed to a 5% CHcHz plasma for 25 min 
while a biasin g voltage of - 250 V was applied to the 
substrate holder. Afterwards the bias voltage was set 
to zero and normal deposition parameters were used, 
such as : pre ssure, 30 mbar; CH4 /Hz, 0.7% ; flow, 150 
standard em:' min -1; temperature, 950°C. 

The U PS measurements were performed on either a 
Leybold EA 10/100 or Leybold EA 11/ 100 spectrometer. 
The spectra were recorded by operating the spectrometer 
at a co nstant retardation ratio. The energy solutions for 
the two photon energies used here are 0.1 and 0.2 eV 
for the He I (hv= 21.22 eV) and He 11 (hv= 40.8 eV ) 
excit ation lines respectively. X-ray photoelectron 
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Sample F ig. Deposition Surface conccntration u 
time (mi n) 

0 C . 

Si(lOO) S 2 0 36 17 47 
207 S 2 10 27 25 48 
206 S 2 30 26 28 47 
205 S 2 60 8 68 24 
208 S 2 J20 JO 89 
212 S 2 165 2 98 0 
204 S 1 300 0 100 0 
209 B 1 70 2 t. 6 279 50A 

66 S 4 240 0.9 99.0 0.1 
78 B 4 245 0.6 99.2 02 

S, sc ra tched; B, biased. 

TA BLE 1. Surface composi tion of the presented samples 

inte grated core level intensities an d theoretical p 
ionization cro ss-sections [ 7]. 

3.2. S i- iliamo nd interf ace f ormation 
Fil ms grown fo r increasing deposition times 

10 min to several hours) were analysed for the u 
com position by XPS. All samples were prescra 
with 1 urn diamond gri t and deposition parameter, 
held constant as mention ed in Section 2. Fig. 2 
the core level intensities of the C Is and Si 2p sig 
a fun ction of deposition time. Spectra a, band 
adj usted to a n a rb itrary in tensity for a better unde 
ing. At the ea rly growth stages the forming of ,In 

interface bet ween the Si subs trate and the dia 
part icles growi ng on it ca n be obse rved in the C 

16 14 12 10 8 6 4 2 0 
Binding Energy (eV) 

Fig. t. UPS He II spect ra of di fferent carbon phases and of 
#209 and #204 
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(h v = 40.8 eV ) 
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3.1. Infl uen ce of the samp le preparation on electronic 
structure and nucleati on density 

T he number of diamond crystall ites per square cent i
metre wa s calcu lated from scanning electron microscopy 
pictures. In the case of the virgi n Si(100) substrate, the 
dep osition density of diamond particles was only severa l 
hund red per square cent imetre. O n the scra tched samples 
deposition de nsity was increased by a facto r of 106 

, 

but nucleation de nsit y did no t, as we expected, 
incr ease signi ficantly with dimi nishin g size of diamond 
polishing par ticles. T he results were: 1.7 x 108 cm  2 

, 

3.4 x 108 ern "? an d 2.2 x 108 ern "? for 0.1 urn, 1 urn a nd 
3 urn sized pa rt icles respecti vely. T his co uld mea n that 
no residua l diamo nd particles, acting as nucleation 
centres, were left and nuclea tion took place only on 
hyd rocarbo n residuals . O ther authors alr eady have 
pointed out the enhancing of heterogeneous dia mond 
nuclea tio n on Si by the presence of surface carbides [ 3]. 
It was rep ort ed th at pol ishing time [ 4 ] as well as 
str ength [ 5] a re playing a cru cial role in determining 
exac t differences in nuclea tion de nsity. We therefore have 
to ca rr y out further research on thi s to pic. 

Fig. 1 shows three differen t forms of carbon and the 
init ial stage of the gro wth of the biased sample #209 (see 
Tab le 1). T he U PS valence ba nd spectra are dominated 
by p-electro n states du e to the much higher excit at ion 
cross-section a t these low photo n energies [ 6]. T he 
deposited ma teri al on sa mple #209 can be best asc ribed 
to sp uttered ca rbon. 

A tho ro ugh inspectio n of the samp le surface composi
tion is im portant in or de r to find additional infor ma tio n 
regarding the stru ctures ob served in F ig. 1 (and F ig. 3; 
see below). Although the sam ples have not been cleaned 
in th e phot oelectron spect rome ter once exposed to air, 
the co ntam ina tion by oxy gen on the closed films is 
un usua lly low, An oxygen contamination level between 
0.5 an d 2.8 at.% has been calc ulated out of the XPS 
data. The feat u res ob served in F igs. 1 an d 3 do not scale 
with oxyge n contaminati on. Table 1 sho ws the chemical 
surface compositio ns of the sam ples as determined fro m 

3. Results 
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spectr osco py (X PS) was per formed using no n
monochr om atic Mg K « (XPS) rad iat ion with a photon 
energy of 1253.6 cV on a Leybold EA 10/ 100 spect rome
ter. T hese spectra were recorded with cons ta nt pass 
energies result ing in an energy resolution of 0.7 eV. 
Unless othc 'wise stated, all spec tra he re ar e shown 
witho ut any data treatmen ts such as backgrou nd or 
sa tellite su btractio n. Some of the diam ond valence ba nd 
spectra have been al igned in or der to com pensa te for 
charging effects th at may occur whe n performing P ES 
on the highl y insulating films. 



Hell spectra 
(hv = 40.8 eV) 

3.4. Raman spectroscopy 
As a well-established method, Raman spectroscopy 

was used to monitor th e differences between normal 
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Binding Energy (eV) 

50 eV. UPS He II spectra of natural 2 x 1 surface
reconstructed (l00) diamond show similar features [8]. 
We therefore conclude that the observed peak at 1.5 eV 
belongs to a surface state associated with a 2 x 1 
hydrogen-free reconstructed surface. 
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Fig. 3. UPS He II spectra of natural (110 ) diam ond (spe ct rum a), 
polycrysta lline diam ond film (spect rum b) (IOO)-structured CVD dia
m ond film (spectrum c), and the sam e film after H plasma heat ing 
(spectrum d ). 
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: XPS C Is and Si 2p spectra of MWCVD films a t 0 min (spectru m a), 10 min (spectrum b), 30 min (spectrum c), 1 h (spectrum d) , 2.8 h 
arume) and 4 h (spectrum f ) dep osition time, and an SiC referenc e spectra . 

wjllee properties ofCVD diamondfilms : 
mertle/ion 

rileHe II spectra of some closed CV D diamond films , 
her with a spectrum of a natural ( 110) diamond 
ow, arc shown in Fig. 3. The diamond window was 

led in situ up to 850 °C as a cleaning pro ced ure. 
:I ra band c refer to samples prepared by M WCVD, 

. have not been measured in situ. The spectra are 
, similar and show the same features at 6-7 eV 
. ating from p-rr bondings and around 13 eV from 
'diamond peak' . C ompared with spectrum a the 
nrystailine and the ( 100)-structured C VD diamond 

how a distinct peak at 1.5 eV binding energy. It is 
~ Il from scanning tunnelling microscopy (ST M) 
stigations that C VD-grown films apparently show a 
I reconstruction in air. After heating the (100)
iured film in a hydrogen plasma up to 900 °C for 
al minutes a strong peak at 1.5 eV emerges (see 

.lrum d). Synchrotron radiation measurements of 
film showed a very distinctive intense peak at the 
I position for radiation energies between 30 and 

,,11 as in the Si 2p region. After a prolonged time only 
.diamond signal can be observed and the Si 2p region 
l\VS no features even at high magnification. The 1 urn 

ond-grit-scratched Si(100) sample showed no sign 
SiC or diamond particles left on the surface; only 
x: carbonaceous residuals are observed (see spectrum 
aihe left) . The SiO z peak originates from the native 
elayer on the Si wafer. For comparison, the spectra 
II SiC reference sample are shown. 
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Raman shift (1Iem) 
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us with a ( lOO)-stru c tur ed C VO diam ond s 

As pointed ou t In earlier work [ 2,10 
powerful tool to inv est igate th e Si- diamc 
form a tion and sur face pro perties of pol ycr 
mon el films . We ha ve show n that scran 
su bstrates with di amond d ust grea tly enha 
mo nel nu cleation . P ES a nd Raman spectr 
ca ted that diamo nd par ticles star t to grow 
SiC or on disord ered sp2-bonde d carbon t 

th e case of bias-enhanced M WCV D . T he hi] 
density o bserved on bi ased samples coul 
th ese heterogene ously d istributed surface c: 

Ev en th ou gh o ur sa mples have no t been 
situ, surface states a ssociated with reconstru 
have been observed by U P S, 
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MWC VD and bias-enh an ced MWCVD films. Rama n 
spectra of sampl e #78 (a closed bias-enhanced MWCV D 
film) and o f sample #66 (a n MWCVD film) we re taken 
in th e back scattering co nfiguration by th e use of a 
514 nm argo n ion laser. T he appearance of th e cha racter
istic crys ta lline d iam ond line a t 1332 em -1 clearly sho ws 
th e for m ation of the diamond phase for both sam ples. 

Fig. 4 shows the R aman sp ectra of sa mple #78 
(spect ru m b), #66 (spec tr um c) a nd of amorpho us ca rbon 
(spectr um a). Sample #66 sh ows a broad feature a t 
1550 em - 1 th at ca n be best asc ribed to a mo rpho us 
ca rbon. This amorpho us ca rbon originates m ost prob a
bly from the d omain boundaries between the di amo nd 
crystals. I n th e cas e of th e bi ased sa mp le th is feature is 
absent. Broad peaks at arou nd 1460 a nd 161O cm 1 

co uld be the proof for other disordered sp2-bo nde d 
ca rbon mat er ial ac ting as inter face . Yarbro ug h and Ro y 
repor t a peak aro und 1470 em - 1 whi ch is clas sified as 
diamond precur sor [ 9]. Alt hou gh bi ased depo sit ion 
incr ea sed the nu cleation den sity th e qu al ity of th e mea 
sur ed film wa s po orer than th at of the normally depos
ited film. The sm aller intensity is due to smaller 
crystallites and the high am ount of non-diamond carbo n 
products in th e interface and grain bou ndaries. 

Fig . 4. Raman spectra or amo rph ous carbon (spectrum a), biased 
MWCVD film #78 (spectrum b) a nd "n ormal" MW CVD diamo nd 
film #66 (spectrum c). 
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MWCVD a nd bias -enhanced MWCVD films. Raman 
spectra of sa mple #78 (a clo sed bias-enhanced M WCV D 
film) and of sample #66 (an MWCVD film) were taken 
in the backscattering confi gu rat ion by the use of a 
514 nm ar gon ion laser. T he appear ance of the cha rac ter 
istic crys ta lline diamond line at 1332 ern - I clearl y shows 
tbe formati on of the diam ond phase for both sa mples. 

Fig. 4 shows the Raman spectra of sa mple #78 
(spectrum b), #66 (spectrum c) an d of amorphou s car bon 
(spectru m a). Sample #66 sho ws a broad feature at 
1550 em - I th at can be best asc ribed to am orph ous 
ca rbo n. This amo rpho us ca rbo n originates most pr oba
bly from the domain boundaries bet ween the diam ond 
crystals. In the case of the biased sample th is feature is 
absent. Broad peaks at ar ound 1460 and 1610 cm- 1 

could be th e proof for other disordered sp2-bo nded 
ca rbon material ac ting as int erface. Yarbrough and Roy 
rep ort a peak a ro un d 1470 cm- I which is classified as 
diamond precursor [9 ]. Altho ugh bia sed depositi on 
increased the nucleation density the quality of the mea
sured film was poorer than th at of the normally depos
ited film. The smaller int ensity is due to smaller 
crystallites and the high am ount of non-diamond ca rbon 
pr oducts in the in terface and gra in boundaries. 

Raman spectra 
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Fig . 4. Raman spectra of amo rph ou s car bon (spectr um a), biased 
MWCVD film #78 (spectrum b) and "normal" MWC VD diamond 
film #66 (spectr um c). 

4, Conclusion 

As pointed out 1D earlier work 
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powe rful tool to investigate the 
forma tio n and sur face pr operties of polycrystalline 
mond films. We have shown that 
substra tes with diamond du st grea tly enhances the, 
mo nd nuclea tion. PES and Raman spectroscopy 
cat ed that diamond pa rt icles start to grow either on 
SiC o r on disordered sp2-bonded carbon sources :I' 
the case of bias-enhan ced M WCVD .T he high nudea 
density obse rved on biased samples could be du 
these heterogen eou sly d istributed surface carbides. 

Even though our sa mples ha ve not been measure 
situ, surface states associated with reconstructedsur 
have been observed b y PS. 

Ackn owledgments 

T he authors gr at efully acknowledge financial sup 
of the present wor k by the Swiss 
Founda tion carried out under the 
nat ion al " D- A-CH" cooperation of Germany, Au 
and Switzerland on the "Synthesis 
M a teria ls". We th an k Professor P. Koidl for provi 
us with a (100)-structured CVD diamond sample. 

References 

B. Lux and R. H au bner, in B. Cla using, J. Angus. P. KOIJI 
L. H orton (eds.), Pro c. N ATO-A SI on Diamond alld Dimiwi 
Films and Coatings, Cas telcecchio, July 22- Aug. 3. 1990, • 
Physics, Vol. 266, Plenum, New York, 1991. 

2 G . Francz, P . K ania and P. Oelhafen, Helo.Phys. ;[cl(/, M ( 

3 D . N. Belton and S. S. Schmieg, 1. Appl. Phys., 66 (1989i 9. 
4 T. Tak ar ad a, H. Tak ezawa , N. Nak agawa and K. Kato, p,. 

Int. Conf on the New Diamond Science and Tecll1l% gVJllfnr 
3rd Eur. Conf on Diamond, Diamond-like and Related C 
Heidelberg, Aug ust-September 1992, Diamond Rckn. 
(1993) 323. 

5 E. J. Bienk and S. S. Eskildsen, Proc. 3rd Int. ('1m/' 011 

Diamond Science and T echnology j ointly with 3rt! blr. ( , 

Diamond, Diamond-like and Related Coatings. 
August- September 1992, Diamond Relat. Mater., 2 (199))L 

6 F . R. McFeely, S. P. Kowa lczyk, L.' Ley. R. G. Cavell, R. , . 
an d D. A. Shirley, Phys. Re v. B, 9 (1974) 5268 

7 J. H. Scofield , .1. Electron Spectro sc. Relat. Phenom. 8 (1 97/'11 
8 O . KuetteJ, personal communica tions, 1993. 
9 W. A. Yar brou gh and R. Roy, Diamond and Diamond-Iik• .\/, ' 

Extended Abstr., Vol. EA-15, Materials
 
Pitt sburgh, PA, t988, p. 33.
 

10 P. Oelhafen, G . Francz and P. Kania, in J. P. DismuJ;
 
K. V. Ra vi (eds.), Proc. 3rd Int. Symp. on 
Electrochemica l Society Proceedings Vol.93·17. 1993, p.7'11 


