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Tet rahedra l , highl y hydr ogenated amor pho us carbon Ùlms w ere depo-
sited using r f sputtering of graphite by a magnetron sputter source in A r / C H 4

atmosphere . T he optical band gap, U rbach energy and ref racti ve inde x of the
dep osited Ùlms w ere studied as a function of the bias voltage applied to the
substrate during dep osition and gas pressure. T he Ùlms w ere characteri zed
by visibl e spectroscopy . T he variation of the optical band gap is considered

as the result of the transition from unsaturated graphitic s p
2 bonds to tetra-

hedral diamond- li ke sp
3 bonds in the Ùlm. T he variation of the ref ractive

index is correlated with the density and optical band gap of the Ùlms.

PAC S numb ers: 78.66.Jg

1. I n t rod uct io n

For a period of t wo decades t here has been a conti nuous growth on the
study of the depositi on m etho d and properti es of am orpho us carb on Ùlm s. Ini -
ti al ly, the interest in these thi n Ùlm s was as in a m echanica l m ateri al tha t showed
\ di amond- like" pro perti es. Currentl y, there is renewed interest in am orpho us car-
bon, hydro genated or ni tro genated, as an electro nic m ateri al [1]. The abi l i t y to
deposit these Ùlm s at low tem perature over a large area has also m ade them po-
tenti al ly attra cti ve for appl icati ons in the area of opto electro nics.

The tetra hedra l , highl y hydro genated am orpho us carb on (a-C:H) Ùlm s con-
ta in carbon ato m s of both s p 3 and sp 2 conÙgura ti ons and thei r ra ti o varies on the
depositi on condi ti ons. Al tho ugh a detai led three- dim ensional structure has not
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been wel l eluci dated, the energeti cally f avorabl e sp 2 sites are bel ieved to be seg-
regated into sizabl e clusters and these are embedded in a sp 3 bonded am orpho us
m atri x [2]. It was shown tha t the mechanical and opti cal pro perti es of am orpho us
hydro genated carbon depend strongly on the sp 3 =sp 2 carb on rati o.

a-C:H has been prepared by plasma depositi on from hydro carb on gases[3{ 5],
sputteri ng [6, 7], catho dic arc [8, 9], ion beam m etho ds [10] and laser vaporiza-
ti on [11]. Co mmo n to al l these m etho ds is the depositi on of a-C from parti cles
who se energy is wi thi n the range of about 100 eV up to several ki lo-electron
vo l ts [5]. Ca rbon Ùlms prepared by much lower energy m etho ds such as evapora-
ti on have been reported to be electri cal ly conducti ng [12]. It app ears tha t the most
cri ti cal pro cessparameter determ ining the Ùlm properti es is the ion bombardm ent
occurri ng duri ng depositi on [13]. In addi ti on to several other techni ques, whi ch are
capabl e of pro vi ding the requisite hi gh energy density duri ng Ùlm , depositi on f rom
hydro carb on gasesin rf di scharges has becom e the m ost wi dely used [14]. D uri ng
growth, the lay ers are subjected to ion bom bardm ent contro l led by the potenti al
dro p between the pl asma potenti al and the negati ve dc bias vol ta ge (Vb ) at the
Ùlm surface. W i th increa sing bom bardi ng energy the Ùlm tra nsform s from a soft
polym er-l ike (V b < 100 V ) to a hard diam ond- li ke (100 V < V b < 600 V ) and
Ùnal ly to a soft graphi te- like (Vb > 600 V) m ateri al [13, 15].

The ion bombardm ent at the surface and pro cesses in the pl asma bul k can be
separatel y contro l led in a circul ar m agnetro n sputteri ng system. The magneti c Ùeld
conÙnesthe electrons and impro vesgas decom positi on and the bias vol ta geappl ied
to substra te pro vi des a selecti ve contro l of the ion energies. The advanta ge of the
m agnetro n sputter source is tha t thi s techni que is wi dely establ ished in industry
and allows the depositi on onto large areas wi th relati vely hi gh depositi on rates.
The use of suita ble unbalanced m agneti c-Ùeld conÙgurati on pl aces the substra te
im mersed in the pl asma so tha t the growi ng Ùlm s is bom barded by energeti c Ar
ions from the plasma [7].

In thi s paper, the opti cal properti es of hi ghly tetra hedra l a-C:H prepared by
rf circul ar m agnetro n sputteri ng are presented. The opti cal gap, index of refracti on
and Urba ch energy are investi gated for di ˜erent depositi on condi ti ons.

2. Ex p er im ent

a-C:H Ùlm s were deposited by magnetro n sputteri ng techni que, using a pure
graphi te ta rget and 99.99% pure Ar / CH 4 gas m ixture. The m agnetro n insta l lati on,
bui l t in our laborato ry in order to deposit thi n Ùlms by dc and rf planar and circul ar
m agnetro n sputteri ng, has been described previ ously [16{ 18]. In bri ef, the system
consists in a cyl indri cal sta inless-steel cham ber wi th one m agnetro n (catho de)
and two anodes. In an unbalanced m agnetro n, the pl asma extends over both the
ta rget and the substra te, so tha t the Ar ions pro vi de both the sputteri ng Ûux to
the graphi te ta rget and the ion pl ati ng Ûux on the growi ng Ùlm. The plasma m ust
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also decom pose the m etha ne gas. A hi gh Ûux of neutra l C ato ms is achi eved by
pl acing the magnets as close as possible to the graphi te ta rget. The conÙgura ti on
of the m agneti c Ùeld is a cri ti cal param eter contro l l ing the depositi on rate and the
ion plati ng intensi ty [7] and is a parti cul ar property of the m agnetro n.

In thi s work, the Ùlms were deposited by rf circul ar m agnetro n sputteri ng,
usi ng an rf source at 13.56 MHz. A stabi l ized dc power suppl y wi th maxi mum
rati ngs 500 V and 240 m A was used for negati ve or positi ve substra te polari zati on.
Fi lms were deposited on glasssubstra tes at a target{ to À substra te distance of 3 cm.
The vo lum etri c pro porti on between Ar and metha ne was mainta ined constant
at 1:1. The pressure duri ng depositi on was between 0.2 and 0.01 T orr. D uri ng
depositi on the substra tes are parti al ly m asked so tha t thi ckness m easurem ents
can be m ade by Tolansky instrum ents.

Opti cal absorpti on and reÛection of the Ùlm s was m easured in the wave-
length range 700{ 400 nm using an UV- VI S SPECOR D spectrophoto m eter. The
absorpti on coe£ cient ˜ was calculated using Lam bert ' s law and wa s expl ored as a
functi on of photo n energy. The opti cal band gap is determ inate from a T auc plot

p

˜ E = G ( E À E g ) : (1)

The index of refracti on is calculated from tra nsmission interf erence spectrum
in vi sible dom ain using a num erical m etho d [19]. The values for hydro gen content
and relati ve sp 3 =sp 2 proporti on were calculated from IR absorpti on spectra [20].

3 . R esul t s an d d iscu ssio n

General ly, wi th an appl ied bi as vo lta ge between { 200 V and +4 00 V tra ns-
parent and smooth Ùlms were obta ined, colorl essfor pressures around 0.2 T orr and
l ight yellow when the depositi on pressure is lowered to 0.01 T orr. For a bias vol tag e
below { 200 V the bombardm ent of the argon ions on the substra te is very stro ng
and the color of deposited Ùlm s is m odiÙed to a non- tra nsparent dark brown. The
hi gh m echani cal interna l stress in carb on Ùlm s reduces thei r adhesion on the sub-
stra te for Ùlm s thi ckness over 1 ñ m , but | below these value | the adhesion on
glass and sil icon is very good. The pro porti on of tetra hedra l -bonded carbon has a
low vari ati on for di ˜erent depositi on condi ti ons and indi cates a high tetra hedra l
structure. The hydro gen content between 47 and 55% shows a high hydro genati on
of the Ùlm s.

In Fi g. 1 the tra nsmission and reÛection spectra in the range 28500{
12500 cm À 1 f or a sam ple wi th thi ckness of 1 : 8 1 ñ m are presented, obta ined in
the fol lowing condi ti ons: wo rki ng gas Ar: CH 4 = 1 :1, gas pressure 1 0 À 2 Torr and
the substra te negati ve bias vol ta ge 200 V. Both spectra show clear interf erence
patterns and indi cate a good opti cal qual i ty of the m ateri al.

Fi gure 2 shows the opti cal band gap of the Ùlm s at various depositi on pres-
sures for two appl ied bias vol tag es. From thi s Ùgure one can see tha t the opti cal
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Fig. 1. T ransmission and reÛection spectra for a sample w ith thickness of 1 :81 ñ m,

obtained in follow ing condition s: w orking gas A r:C H 4 = 1:1, gas pressure 1 0
À 2 Torr and

{ 200 V bias voltage.

Fig. 2. T he optical band gap of Ùlms as a function of the depositio n pressure for tw o

applie d bias voltages.

band gap increaseswi th increasing pressure. Since the band gap of graphi te is zero
and band gap of di amond is 5.5 eV, the increase in band gap wi th increasing pres-
sure can be considered to be the resul t of tra nsi ti on from unsatura ted graphi ti c
sp 2 bonds to tetra hedra l diam ond- li ke sp 3 bonds in the Ùlm [21]. Thi s can be
cl earl y seen from the results in Fi g. 3, whi ch shows the band gap as a functi on of
sp 3 = sp 2 ra ti o. The increase in the band gap when the pro porti on of tetra hedra l
bondi ngs increase is in agreement wi th publ ished data [22]. The presence of sp 2

carbon is energeti cal ly correl ated wi th a ¤ band inside the ¥ band gap and leads
to a decrease in the opti cal band gap when the graphi ti c part increases [23].

The slope of l inear reg ion on the T auc pl ot (Eq. (1)), G , is a density- of-sta tes
coe£ cient (i n cm À 1 = 2 eV À 1 2 ) in di rect pro porti on wi th the energy wi dth of the
local ized states [24]. The values of G com m only reported for am orpho us carbon are
in the range of 150{ 300 cm 1 2 eV 1 2 . For the Ùlm s inv estigated here, the values

Fig. 3. Band gap as a function of sp
3

=sp
2 ratio for Ùlms obtained under di˜erent gas

pressures and di˜erent applied bias voltages.
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Fig. 4. T he U rbach energy as function of gas pressure, for two values of substrate

applie d bias voltage.

Fig. 5. T he plot show ing the relationsh ip betw een the optical band gap (E g ) and the

U rbach energy ( E 0 ) of the a-C :H Ùlms deposited at tw o applied bias voltages.

of G were in the range of 150{ 200 cm À 1 = 2 eV À 1 = 2 , and tha t can be correl ated wi th
a low density of the local ized states, in agreem ent wi th the relati vel y high values
of the opti cal band gap.

It is kno wn tha t the absorpti on edge (the Urba ch region) in am orpho us
semiconducto rs is caused by the di sorder in the Ùlm [25]. In the absorpti on constant
range f rom 1 cm À 1 (or less) to about 1 0 4 cm À 1 , the ˜ values can be Ùtted to

˜ = ˜ 0 exp
E

E 0

; (2)

where E 0 i s the Urba ch energy. In Fi g. 4 the Urba ch energy as a functi on of gas
pressure is shown, for two values of substra te appl ied bi as vol ta ge. The obta ined
values for the Urba ch energy are in the inf erior lim it of the values reported for
am orpho us carbon, indi cati ng a relati ve order in the layer. The Urba ch energy
increases wi th the depositi on pressure, because of the decrease in the substra te
inci dent species energy, favori zing the random linki ng of carb on ato m s and in-
creasing the disorder.

It is interesti ng to note tha t the plot of E 0 against E gives a l inear relati on-
shi p as shown in Fi g. 5, sim ilar wi th the results of Lee et al . [2]. Since E 0 depends
on the disorder and E i s correl ated wi th the proporti on of the graphi te com po-
nent, the decrease in the Urba ch energy wi th the decrease in the opti cal band gap
indi cates tha t the tri gonal l inks enhances the structura l order in the Ùlm s.

The m ain param eter of Ùlms whi ch inÛuences the refracti ve index is the
density . Fi gure 6 and 7 shows the relati onshi ps between the ref racti ve index and
appl ied bi as vol ta ge (Fi g. 6) for a depositi on pressure p = 0 : 0 5 Torr and between
the refracti ve index and depositi on pressure (Fi g. 7), f or two substra te appl ied
bi as vo l ta ges.The insets show the vari ati on of the densi ty against the appl ied bias
vo l tage (f or Fi g. 6) and against depositi on pressure (f or Fi g. 7). The refracti ve
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Fig. 6. Ref ractive index versus applied bias voltage for dep osition gas pressure

p = 0: 0 5 Torr. I nset of the Ùgure show s the variation of the density w ith applie d bias

voltage.

Fig. 7. Ref ractive index versus depositio n gas pressure for two applied bias voltages.

I nset of the Ùgure show s the variation of the density w ith the dep osition gas pressure.

index increases for both positi ve and negati ve bi asing. W hen the gas pressure
increases, the refracti ve index decreases. The inserts of both Ùgures (6 and 7)
reveal sim i lar dependencies between density and the corresp ondi ng param eters.
Accordi ng to Lo renz{ Lorentz equati on rel ati ng to refracti ve index and density , an
increase in the refracti ve index indicates an increase in the densi ty of the Ùlm [26].
Fi gure 8 shows the relati onshi p between the refracti ve index and Ùlm density and
conÙrms the presum ed behavi or.

The refracti ve index is correl ated also wi th the opti cal band gap. It is gen-
era lly accepted tha t the refracti ve index of the am orpho us carb on Ùlm s decreases
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Fig. 8. Ref ractive index as a function of density for Ùlms deposited at 0.05 T orr w ith

di˜erent applied bias voltages.

Fig. 9. Refractive index as a function of the optical band gap.

when opti cal gap increases [27], in accorda nce wi th the founded relati on between
the refracti ve index and the opti cal band gap (Fi g. 9).

4 . Co n cl usion s

In thi s paper the opti cal properti es for rf m agnetro n sputtered a-C:H thi n
Ùlms are investi gated for di ˜erent appl ied bias vol ta ges and gas pressures. The
opti cal band gap of am orpho us carb on increases wi th increasing pressure and tha t
can be considered to be the resul t of tra nsiti on from unsatura ted graphi ti c sp 2

bonds to tetra hedra l di amond- l ik e sp 3 bonds in the Ùlm . The values of the slope
of l inear region on the Tauc pl ot G can be correl ated wi th a low density of the
local ized states, in agreement wi th the relati vely high values of the opti cal band
gap. The obta ined values for the Urba ch energy are in the inf erior l imi t of the
values reported for am orpho us carbon, indi cati ng a relati ve order in the layer.
The decrease in the Urba ch energy wi th the decrease in the opti cal band gap
indi cates tha t the tri gonal l inks enhance the structura l order in the Ùlm s. The
ref racti ve index increases for both positi ve and negati ve bi asing. W hen the gas
pressure increases, the refracti ve index decreases. In both cases, the increase in
the refracti ve index is correl ated wi th the increase in Ùlms density .
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