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Origin of characteristic subgap optical absorption in CVD diamond films
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Photothermal deflection spectrosco®DS is used to study subgap optical absorption in chemical vapor
deposited CVD) diamond films. The high PDS sensitivity over a broad investigated spectral range enabled the
investigation of the main defect structure in CVD diamond upon changing the deposition conditions. All films
exhibit a very characteristic shape of the subgap optical absorption in the infrared and visible spectral regions,
which scales with the content of amorphous carbon phase in grain boundaries. In best-quality films the
character of the fundamental absorption edge is attained and the subgap absorption reduced. For nanocrystal-
line approaching films, an absorption spectrum resembling closely the one for amorphous eahbh flms
is observed. Based on these results a mathematical model for the description of the optical absorption coeffi-
cient in the subgap region is developed. A numerical deconvolution procedure is applied to fit the experimental
data.[S0163-182696)08331-3

[. INTRODUCTION play an essential role in amorphous carbaQ:H) or
higher-ordered tetrahedrally bonded amorphous carbon
Diamond as a covalently bonded wide-band-gap semiconita-C) films. It is widely accepted that in-C:H 7-bonded
ductor has been widely studied, but only recent developearbon atoms cause the formation ofraw* pseudogap,
ments in the chemical vapor depositédVD) technology emerging about midgagin between thes-o* band$ and
opened up new possibilities for the preparation of thin-filmdominating the optical absorptidA=*’ Similarly to a-C:H
devices and for new extensive research activities in thisndta-C, theD (disordej andG (graphit¢ Raman scatter-
field 1~3 Recently, it has been shown that in some homoepiing bands are preséfitin lower-quality diamond films.
taxially grown CVD diamond films the charge carrier mo-  Optical absorption methods have proven to be very pow-
bilites start to approach values found for naturalerful for studying the electronic structure in tetrahedrally
diamond®~® Nevertheless, tested devices perform rathebonded semiconductof$-?> When looking for defect-
modestly in comparison with the existing ones, based on Sijnduced subgap absorption in the pgmarts per million
Ge or llI-V, 1I-VI materials. One of the key issues in the range and lower, as is required for an electronic-quality ma-
preparation of high-quality CVD diamond films is the de- terial, very sensitive techniques must be used. In commercial
fects and a deeper understanding of their localized defecpectrophotometers absorbance values down only to the
states in the band gap is needed for further progress to b0~ 2 level can be measured. Moreover, light scattering in
made in the CVD diamond-electronics field. CVD diamond films(due to bulk inclusions and to grain
Defects, classified generally & GR, R, TR, H,> have  boundaries in polycrystalline filmsnake standard transmis-
been thoroughly investigated in the past in natural and highsion measurements difficift.
pressure high-temperatufldPHT) synthetic diamond. Many To study the defect-induced optical absorption in CVD
of these defects are related to the presence of nitrogen, whiatiamond we recently applied photothermal deflection spec-
is the main extrinsic impurity in diamond. The defects andtroscopy(PD9S.'?*~?®This method made it possible to mea-
their electronic models are discussed in detail in thesure absorbances down to a TOlevel, and thus to investi-
literature®~°In this paper we concentrate on defects in CVDgate deep defects on a ppm scale and below, even in 10-
films. Recently, we showed that CVD films exhibit a char- um-thick diamond films: The main aim of this paper is to
acteristic subgap continuum absorptidmot observed for report in detail on the characteristic subgap continuum ab-
natural or HPHT synthetic diamond. sorption in CVD diamond films deposited under various con-
Specific of the low-pressure CVD diamond is the prepa-ditions and to compare their absorption with the known ab-
ration in the pressure-temperature region, in which graphitsorption spectra of type llanatura) and type Ib(HPHT)
is thermodynamically stable over diamond. This fact maydiamond.
account for the observed differences. One possibility to con- In Sec. IV of this paper we develop a theoretical model
sider is the presence af-bonded carbon. Thermodynamic for the description of the defect induced optical absorption in
growth models?~*based on the preferential etching of the CVD diamond. We show that the optical absorption coeffi-
nondiamond phase and/or diamond surface stabilization bgient can be fitted to the experimental data when considering
atomic hydrogen, always include a certain probability for theoptical transitions due to the presencemebonded carbon in
incorporation ofsp? carbon in the diamond filmsp? sites  the grain boundaries.
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TABLE I. The deposition conditions for samples of setsdnstant temperaturand Il (constant methane
concentration Summarized are also the characteristics of samples and the ratio of inte{&X)ésG) of
D (disordej andG (graphite Raman peaks at full width at half maximu@WHM).

Sample Pressure Temp. CH4 MW Depos. Appearance Morphology Gr&{D)/I(G)

power time size at FWHM
(Pa (K) %) (W)  (min) (um) Raman peaks

d2.1 6600 1173 0.65 800 720 White Random 5 Glpeak
d2.2 6600 1173 1 800 720 Gray Random 3 ~5
d2.3 6600 1173 15 800 720 Gray Random 3 ~1
d2.4 6600 1173 2 800 720 Brownish  Nanocrystalline<1 ~0.2
d2.6 6600 1173 25 800 720 Brownish  Nanocrystalline0.1 OnlyG
d2.7 6600 1093 3 800 720 Gray Nanocrystalline<1 ~ 0.2
d2.8 6600 1033 3 800 720 Gray {100 ~2 ~ 0.5
d2.9 6600 1173 3 800 720 Dark brown Nanocrystalline0.1 OnlyG
D11 13200 1033 3 4000 1440 White Random 15  N® pealk

41332 cm ! peak only.
PAlso 1 sccm(cubic centimeter per minute at standard temperature and presre

Il. EXPERIMENTAL DETAILS Bulk type lla (natura) and Ib (HPHT) DeBeers monoc-
rystalline diamond plates 25Qm thick and also g100-
oriented homoepitaxial diamon@ample D17 deposited on

Diamond films were grown by means of plasma-enhance@{p peBeers plate were used for compari<én.
chemical vapor deposition in an ASTEX PDS-17 microwave

plasma reactor. Undoped Si wafers were used as substrate
material. Care was taken to maintain a low background pres- B. Optical characterization
sure in the vacuum vessel before starting the deposition and ] ) ] ) . i
about the cleanness of the reactor walls, to reduce the incor- S€lf-supporting CVD diamond films of dimensions typi-
poration of extrinsic impurities in the deposited films. The cally 4X4 mm?, 2x2 mm? type lla, and Ib monocrystalline
deposition processes consisted of two consecutive stéps: diamond plates and homoepitaxial diamond films deposited
the bias-enhanced nucleation &4 for creating a suffi- 0n 2<2 mm? type lla diamond plates were used for the
ciently high diamond nucleation densitg0'® cm~?2) on a  optical absorption measurement by use of PDS.
mirror polished Si substraté?) the growth step. The depo- The principle of PDS is the following: A high-intensity
sition parameters of set§donstant temperaturand Il (con-  light beam from a monochromat@eumping bearnis modu-
stant methane concentratjoare summarized in Table |. lated by a mechanical chopper and focused on the diamond
The main experimental interest was to find out howfilm, which is immersed in spectroscopically pure GCI
m-bonded carbon can be incorporated into CVD diamondPhotons absorbed in the film cause a temperature elevation in
films. Because one possible site for amorphous carbon atbe illuminated area. The thermal wave generated in the
grain boundarie’§?°-*2we attempted to change their area by CVD diamond film propagates into C¢£hnd modulates the
changing the film morphology. By keeping the nucleationindex of refraction of the CGl liquid.>*=3 A He-Ne laser
step constant and changing the growth-step deposition cofbeam, directed parallel and as closely as possible to the
ditions various film morphologies were prepared, rangingsample surfacéprobe beamis periodically deflected, the
from those containing well-defined crystals to those showingleflectionA ¢ being proportional to the absorptankeof the
a finely grained morphology. The characteristics of the demeasured thin film and the pumping beam intensity. The
posited films are summarized in Table I. We attempted taleflectionA ¢ is detected by a silicon position sensitive four
compare the optical absorption of these films with our bestuadrant diod®>°as a small ac voltage signé®DS signal
film (D11), prepared at the optimized conditioHsThe S), proportional toA . The PDS signa$ is measured by a
samples D11 and d2.1 only exhibited the Raman diamontbck-in amplifier. By scanning the wavelength of the mono-
peak at 1332 cm’. All other films exhibited a typical broad chromatic pump beam from the region of complete light ab-
feature at 1550 cm’ in the Raman spectrd3 peaK varying  sorption in the film (e.g., the saturation of PDS signal

A. Diamond samples

in intensity (see Table)L S= S, is reachedl to the region of low absorption, a full
The growth rate was typically 1.am/h, and films with a  PDS spectrum is obtained.
thickness between 15 and 20m were depositedwith the Full details of the experimental sefdg>*3-%and the

exemption of the film D11, which was prepared under dif-evaluation procedut&?3*=3%or the calculation of the opti-
ferent conditions and which was 1Q0m thick). After the  cal absorption coefficien can be found elsewhere. Here,
deposition the diamond films had to be removed from theonly the details>?%3¢ important for the measurement of
substrates to allow the PDS measurements. Therefore, the VD diamond thin films are given. It is important to note
substrate was etched away in a HNBF/H,O mixture and that the effect of light scattering in the bulk or at the rough
traces of surface graphitic carbon were removed in aurface of CVD diamond films is much less significant for
H,S0O,/CrO; solution. PDS than for conventional transmission measurements, be-
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cause just the light scatterédnd absorbedin the direction 400
of the probe beam gives some contribution to the PDS signal.

Under typical experimental condition&chopping fre- 350
guency 14 Hz, sample thickness 20—20f, spectral reso-
lution of the monochromator 8 nnthe PDS signals, nor- 300
malized to a constant pumping beam intensity, can be written
in the incoherent limit+*®as __ 250 +

S=Swl1-explad)], (1) § 200 7 > ENERGY5[2V]
3 — lla

whereSg,;is the saturated signal in the spectral region where 1504 g7 homoepitaxial
a full absorption occurg] is the sample thickness, andis . D11 polvervstalline - |,’
the optical absorption coefficient. The reflectance is assumed 100 polerystall ”
to be approximately spectrally independent in the invest- | 7 b ' :
gated spectral rangé.Some films(d2.6, d2.9 see Tabl@ | 50 1
showed a saturation of the PDS sigfg);in the investigated .
spectral range. For these films the optical absorption was 0 — T
directly calculated using Eq1). For the samples of which 1 2 3 4 5 6
the saturation signal was not reached in the investigated ENERGY [eV]

spectral rangéd2.1, d2.4, d2.7, d2)8the following proce-
dure was used: all parameters of the experimental setup were FIG. 1. The optical absorption coefficient for 100-m-thick
kept the same, hence, the proportionality coefficfettS,,,  polycrystalline sample D11, for 37@m-thick {100-oriented
between the probe beam deflectiip and the PDS signal sample D17, and for type liénatura) diamond and type lighigh-
Sin Eqg. (1) remains the same. In the high-quality diamondpressure high-temperature synthgtitiamond plates, calculated
sample D11(see Table)lthe optical transmission and reflec- from the optical transmission measurements. The inset shows the
tion were measured using a Perkin-Elmer Spectrophotorrindirect optical transitions at the fundamental absorption edge of
eter, equipped with a light-integrating sphere. These datgiamond.
were used as a cross check for the proportionality coefficient
value in a higher photon energ§) part of the spectrum. In ingly, reduction of the substrate temperature again led to the
a low absorption region the optical absorption coefficient deposition of films with defined grain sizes, and approaching
was determined from the PDS sigr&lusing the above de- the {100t morphology.
scribed procedure. Twinning® must be at least partially responsible for the
To reduce the experimental noise, a 1-mW He-Ne laseglevelopment of the observed finely grained film morphology
with a high pointing stability and an optimized beam geom-(samples d2.4, d2.6, d2.7, d2.9f only a drift from the
etry was used, focused as closely as possible to the smoogiamond deposition domaihcauses the development of the
side of the diamond filnithe side of the Si/diamond inter- finely grained morphology, a reduction of the deposition
face after the chemical etgchCare was taken to reduce vi- temperature would not restore regular crystal shagasiple
brations of the experimental setup and to avoid scattering o2.8. Similar conclusions about the influence of the twin-
the laser beam optical path in air and in the transparent dg¥ng on successively smaller areas were recently drawn by
flection liquid (CCl,) due to particulates. Additionally, a Tamor and Eversoff.
long black tube was placed in front of the position sensor to Stacking or multiple stacking faults are very often found
stop ambient scattered light modulated at the chopper frén diamond films¥®“° This is not surprising because the en-
quency and to define a narrow field of view, just letting passergy difference for the correct and incorrect hexagonal ring
the probing He-Ne laser beam.The whole apparatus wastacking(staggered to eclipsg¢ds very small. On the atomic
computer controlled and typically 300 readings of the lock-inscale, twinning means in-plane incorporation of the boat type
amplifier were averaged at each photon energy. six-membered rings instead of an incorporation of the correct
chair ring type. When the film grows these two cases differ
only in the next-nearest-neighbor environm&hin case of a
very small misorientation between crystallites a bond-angle
A. Twinning and development of texture disorder can be induced to bond adjacent crystals. It appears
As the main objective was to trace the development 04ikely that for crys.tallites with_ higher migorientations, amor-
ephous carbon regions on grain boundaries can be produced to

characteristic defects in CVD diamond while changing th reduce the total eneray of the svstem. The amorphous carbon
deposition conditions, there was particular interest in inves- 9y Y ' P

tigating films containing various amounts s carbon(see on grain b_oundaries was experimentally confirmed by vari-

Table ). ous techniques such as _F§2aman spectroscopy and electron-
The surface morphology of investigated films is shown inenergy—loss spectroscopy.

our previous work?® To summarize, at low methane concen-

trations (samples d2.1, d2.2, d3,Jilms were white and/or B. Optical measurements

transluctantlight scattering and nontextured. As the meth-

ane concentration increased the films became very finely

grained and they were brown and optically smooth. Surpris- In Fig. 1 the optical absorption coefficient, calculated

Ill. RESULTS AND DISCUSSION

1. Transmission measurements
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FIG. 2. The optical transmission spectmithout correction for FIG. 3. The optical transmission spectwathout correction for
the elastic light scatteringf samples prepared at various methanethe elastic light scatteringf samples prepared at a methane con-
concentrations and at a constant substrate temperature of 900 @entration of 3% and at various substrate temperatisetsl).

(set . Transmission of Ila diamond plate is shown for comparison. . o
above the detection limit of the PDS apparatus used. The

from the optical transmission measurements, for the p0|y;:)olycrystalline diamond shows a distinct optical absorption

crystalline sample D11, homoepitaxial layer D17, and type e subgap region.
lla and type Ib diamond plates is plotted. Ila diamond shows 1€ Optical absorption of the samples from the sets | and

a typical indirect absorption edge at 5.45 eV. This absorptioﬁI Is shown in Fig. 5. It can be seen that all these sampleg
can be described by the~(E—E =+ Eph)2 dependence for also show the characteristic spectral dependence of the opti-

parabolic band? (see the inset of Fig.)1Similarly, it was cal absorption coefficient.?® The absolute value of the op-
found by Sussmann aret al! that the UV absorption spec- tical absorption coefficient increases with the nondiamond
tra for polished high-quality CVD films approach those for carbon contentthe closer to nanocrystalline films the higher
Ila diamond. The homoepitaxially grown diamo(i2l17) and

the best polycrystalline materiéD11) attain the character of 1000 3

the fundamental absorption edge, but a broadening, espe- 3 IR T T —

cially for polycrystalline material, can be clearly observed in 100 L o K
Fig. 1. It should be noted that, because the absorption coef- : * DT-erpenmental data :
ficient falls off sharply in this region, light scattering at grain I ndirect + broadening /
boundaries cannot cause the broadening, as proved by mod- 10 & ¢ lla- detection limit ,-"

eling.

The absorption in the high-quality CVD diamond film —
D11 attains the character of the fundamental absorption £
edge. This statement is not true for all CVD films. Figures 2~ S

3

[

and 3 show the optical transmission data between two limit- 01y
ing cases: firs{samples d2.1, d2)2following the optical ]
transmission of lla diamon@measured without the integra- 0.01 1

tion spherg, but with much lower detected transmission be-
cause of the scattering losses and, second, a slowly decaying

transmission from the energy corresponding to the expected 0.001 + .
band edge for diamond. Similar tailing of the optical absorp- ] °e
tion coefficient into the band gap was also observed for 1 ‘.
a_C-H fIImS42,43 00001 L i LI s } T T T l LI I LI { T T T
0 1 2 3 4 5 8
2. PDS measurements ENERGY [eV]

To study the weak subgap absorption the PDS measure- G 4. The spectral dependence of the optical absorption coef-
ments were performed, shown in Figs. 4 and 5. In Fig. 4 th&icient o obtained from PDS measurements for the film D11 and for
optical absorption coefficient of our best polycrystalline the bulk Ila diamond samplénvestigated only in the range 1-3
material(D11) is plotted and compared with the optical ab- ev). Plotted are also numerical fits to E) (7-7* and m-o*
sorption coefficient for lla diamont. The absorption in lla  transitions and to Eqg.(8) (indirect transitions and exponential
diamond (investigated only in the 1-3-eV regipiis just  broadening discussed in Sec. IV.
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3. Light scattering
1000 7 In this section, we would like to show that the typical

] shape of the optical absorption in the films, measured in this
work, cannot be due to elastic light scattering. The spectral
dependence of the optical scattering coefficient should then
indeed be dramatically changed in going from large grain
g sized films to optically smooth nanocrystalline filnis.g.,

/F from Mie-type scattering on large defects as grain boundaries
: to Raleigh-type scattering due to defects on a microscopical

o e

100

o [cm'l]

10 / scalg. These two scattering types have quite different spec-
] P —— tral dependencie®. . o _
v d24(2.0% CH,900C’) Further, it follows from its operation principle that PDS is
£ o d26(25% CH,900C’) much less sensitive to optical scattering than transmission
14 £ e d27(30% CH,820 CZ> measurementdbecause the contribution of scattered light to
/ 4 d2B(30%CH,760C) the PDS signal comes only from the scattered pump-beam
/ «  d2.9(3.0% CH,900C") . . . .
—_———————————— light in the direction along the He-Ne probe beam. If the
0 1 2 3 4 5 sample is strongly light scattering and weakly absorbing in

ENERGY [eV ] the i'nfrared and vis'ible.parts of' the spectrgas the high-
quality sample D11 in Fig. dand if we use the usual way of
FIG. 5. The spectral dependence of the absorption coefficiensetting the PDS signal to the absolute scale with the help of
« obtained from PDS measurement for the films of s&tamples  the saturated PDS signal vafde®®then the absorption coef-
differ in CH, concentration in the K feed gas during depositipn ficient in a low absorption region can be overestimated. This
and for the films of set I(samples are deposited at different sub- has been observed for amorphous silicon thin films deposited
strate temperaturgsPlotted are also numerical fits to E@). on rough glass substrates. The reason is that a relative con-
tribution of the scattered light is higher in the low absorption
region but negligible in the saturation regig¢strongly ab-
qﬁ,orbed light does not penetrate through the film towards the
Ight-scattering surfageFor large-grain sized films we partly

the absorptionand the saturation of the PDS sigi@bccurs
at lower photon energy, for the same sample thickness. F

h r li mplgsl2.1, d2.8 with the regular crys- : ;
the bette qua ty samplasi2.1, d2.3 .t t € reguiar crys overcame this problem by setting the PDS spectrum on the
tal morphologies the subgap absorption is reduced. . ;
! . . absolute scale with the help of the transmittance-reflectance
Photocurrent measurements in polycrystalline CVD dia-

measurement using the light-integration sphere. For optically

mond filmg* showed a similar type of spectral dependencesmooth homoepitaxial and finely grained file2.9, etc)

as the optical absorption measurements presented in thiga effect is negligible.
work. It has been suggested that the optical t_ransitions in- 7o summarize, the main support that the typical spectral
volved are due to the presence of an electronic level 1 €{jependence of subgap absorption is not substantially influ-
distant from the valence-band edge. enced by the light scattering comes from the fact that all
According to the development of the absorption spectranvestigated films, ranging from rough to very smooth, show
when continuously changing the deposition conditi¢asd  the similar spectral shape of the optical absorption coeffi-
correspondingly developing the finely grained morphology cient « in the 0.9-3-eV region. This absorption is shifted
and according to a close similarity of the measured absorgust for various films on the absolute scale. We observe a

tion spectra with the absorption spectrase€:H films'"*>** higher subgap absorption in the optically smooth, nonscatter-
we propose that ther-7* band-type transitions are respon- ing films.

sible for the observed absorption. The model of ther*

ps’eugoglgp was originally developed by Roberston and V. MODEL OF THE OPTICAL ABSORPTION

O'Reilly™ and Bredas and Stréétf_or amorphous cgrbon. IN CVD DIAMOND

Recently, photoluminescence studies in polycrystalline CVD

diamond accompanied with micro-Raman measurements at- Based on the above presented experimental results it can

tributed the observed broadband luminescence, centerdi concluded that there is enough evidence to suggest that

about 2 eV, to amorphous carbon in grain boundaf{és. the main defect structur@ominating the defect-induced op-
Nitrogen related absorption in CVD diamond films was tical absorption in polycrystalline diamond filnis associ-

investigated recentl§>?® A typical absorption spectrum due ated withz-bonded carbon.

to substitutional nitrogen in type Ib HPHT diamond is shown In-plane bonded six-membered hexagonal rings with

in Fig. 1. Investigated films show a clearly different spectral120° bonding angle between each atom exist in pure

dependence of the optical absorption coefficient compared tgraphite. Their incorporation into the diamond structure with

Ib diamond. 109.5° tetragonally bonde@ would lead to an enormous
Secondary-ion-mass  spectroscop§8IMS) analysi€®  distortion. A much more probable explanation was presented

shows typically 30 ppm N, 500 ppm H, and 100 ppm O inin Sec. lll. This is that amorphous carbon is located mainly

the undoped films investigated in this study. The subgap akin grain boundaries and at other defects. It is interesting to

sorption varies for the measured samples by 4 orders of magpote that already some time agobonded carbon clusters

nitude. So it is difficult to explain the observed spectra bywere suggested as an explanation of the optical absorption

impurity absorption. induced by radiation damage in lla diamd#d.
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MODEL OF DOS IN CVD DIAMOND of these optical transitions to include the fact that the value
of the optical matrix elements associated with each particular
5. band edges in lla diamond optical transition can be different.
6™ sp’distorted sites A. 7 - @* transitions

The origin of the pseudogap aC:H and highly-ordered
materials, such as tetrahedrally bonded amorphous carbon
(ta-C), is still subject to discussiot?>* The molecular-
dynamics study of Wang, Ho, and CRarsuggested that
graphitic clusters are arranged in planar sheets, containing
mostly 6- and some 5- or 7-membered rings. It has been
proposed that in highly-ordered structures the clustering of
aromatic rings will not be energetically favorable. Recently
Stephanet al™® suggested that with increasing atomic den-
sity the number of fused rings decreases. For dense films, the

ENERGY existence of single rings, or pairs, or single defects is fa-
vored. This idea was supported by Drabold, Fedders, and

FIG. 6. The schematic model of the density of states in the gajStrum?® who introducedm-bonded defect pairs as the main
of CVD diamond, discussed in Sec. IV. Theand =* bands ap- defect. Recently, it was showhin the framework of the
pear due to the presence of amorphous carbon regions. Shown dight-binding Huckel Hamiltonian that a single, distorted aro-
also two parabolic bands,3* for diamond and the exponentially matic ring, forming a boat or chair configuration and conse-
broadened tailsr, o* (starting at the energf,,). Optical transi-  quently causingr-o mixing, can produce states lying close
tions are marked by arrows. to the midgap inta-C.

In our model, the localizedr band is approximated by a

Various models of optical absorption, such as those basestatistical Gaussian distribution of the density of localized
on theories of Tau® Abe and Toyoazaw#, and others states, centered & (i=1,2) andwith a half-width 2w.
were developed to describe the optical absorption in materiBoth 7 and #* bands are taken as symmetrical around the
als retaining only short-range order such as amorphous silmidgap, as expected from recent molecular-dynamics
con (a-Si) and amorphous hydrogenated silicoa-$i:H).  simulations’® The (i=1) and#* (i=2) band density of
For amorphous carbon the situation is more complex becausgates are
of the mixeds-o bonding environment. Theoretical consid- o 12
erations for possible optical transitions éaC:H were dis- Gii=12(€) =A(27W")
cussed by Robertsor based on the Tauc merI of a virtual X exy — (e— Ei)2/2w2]. 3)
crystal. In Tauc’s modé? only the conservation of energy
and no conservation of momentum is assumed. The momen- The convolution integral Eg2) can then be solved ana-
tum matrix elementsl are then replaced by their average lytically, leading to the expression for the optical absorption
valueT,.22 Upon assuming the Velicky summation rfiéhe  coefficienta
optical absorption coefficient can be written as

sp’ sites

N(E)

ﬂ.ﬂ.* .

am*(E):AZ(zEwwz)—lf exd — (e— Ej)%/2w?]exd — (e
a(E)zCE—lf gi(e)f(e)gi(e+E)[1—f(e+E)]de,

@ —E,)?/2w?]de (4
and after integrationA andB, are constanjs
where g; and g; are the initial and final density of states, 5 . B
respectivelyf(e) andf(E+ €) are the Fermi-Dirac occupa- A (E)=A2(2E\m) ~Lex — (E ;v — E) 2/4w?]
tion functions for the initial and final states and the constant =B,E lex — (E,. — E)2/40?]. )

C is proportional to the momentum matrix elememﬁs The
approximate spectral independence of the matrix elements Equation(5) has a clear interpretation. The convolution
was experimentally confirmed far-Si:H by Jacksoret al*®  integral reaches its maximum for a photon energy equal to
Our model of the subgap optical transitions is based orthe energy distance between two symmetricar* density
the currently accepted electronic picture of amorphouf states distributions. The final joint density of states is
carbort’ and on recent molecular-dynamics simulations,again a Gaussian distribution but with a half-width of.4
showing the presence of, 7* states in the computed elec- The optical absorption coefficient, calculated according to
tronic density of state®°° Our model is shown in Fig. 6. Eq. (5), is plotted for various values ofw and
The following transitions are considered) 7-7* (Gauss- Ey (=E;—E,) in Fig. 7. The similarity between the spectra
ian band} transitions in amorphous carbon region®)  in Fig. 7 and the experimental data, presented in Fig. 5, and
m-o* transitions in amorphous carbon regiof). Indirect  the data measured by Bounoughal** and by Veerasamy
transitions between the valence and conduction bands of di&t al>® for a-C:H suggests the validity of our model for the
mond. -7* transitions.
As shown in the following sections, an independent value The fit of the experimental subgap absorption spectka
for the preintegration factor in E@2) is considered for each Sec. IVD and Figs. 4 and)5using the model based on the
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e FIG. 8. The plot of the value of the optical absorption coeffi-
. <> cienta at 3.5 eV for films from Figs. 4 and 5 as a function of the
K " preintegration constari@,; from Eq. (5), obtained by numerical fit-
10 - ,/: '// ting procedure.
4/' ,/ "l’
2} i . Eq. (5) and supporting our model.
5 LG ' It should be noted that this approximation is different
g2 17 [ i vvr—— from the approach used frequently in the literature for
® ! I,/ i) -- Erw-2s a-C:H, where the Tauc plot, approximating the optical tran-
= i o A Ennt =3.0 sitions between two parabolic bands in amorphous semicon-
NN N i ductors, is used to fit experimental data.
B 1/ Dot * =3,
0.1 foy l/ II /'l ,’ Enn* =3.6
RN I I B. w - ¢* transitions
. bt It has been suggested that localized-localized state
0.01 ' ; : i m-a* transitions are allowed, if they occur with the initial
0 ! and final states localized on the same clustéfhe 7-o*
(b) ENERGY [eV] transitions would be possible if-o bond mixing in amor-

phous carbon regions occurs. Bond-angle distortions due the

FIG. 7. Numerical calculation of the optical absorption coeffi- immersing thesp? atoms in thesp® ?nViron”gem were sug-
cient o according to Eq(5) due to-7* transitions, described by ~gested in recent molecular-dynamics wétk? Because, the

the parameterw, E .+, B,. Simulations are shown for different val- Sp? sites are neighboring thep® sites, a sufficient bonding

ues W); E ..+ is set to 3.5 eV in these calculatiof®, and simu-
lations for various values dt .+ (see also Fig. 6 w is set to 0.5

eV (b).

angle distortion could enhance the ¢* optical transitions.
This allows one to use the same approximation as in
Sec. IV A for the calculation of the optical absorption coef-
ficient  [Eq. (2)] but with a different preintegration factor.

Eq. (5) yields a very good agreement for all films, ranging This is in the agreement with Ref. 49, where it has been
from nanocrystalline to well-faceted diamond films. Practi-suggested that the optical transitions in tetrahedrally bonded
cally, the main difference between fitting parameters is thexmorphous carbon can be calculated by the convolution of

value of constanB; in Eq. (5), which is proportional to the

the initial (occupied and final(empty) states.

product of the optical matrix elements and the concentration To include potential fluctuations due to distorted bonds

prefactor ofr and#* distributions of statefEq. (3)]. The fit

we consider ther band densityy, as an exponential, declin-

yields typically 3.5 eV for energy distance between the twoing below the energfE=E,, from the parabolicgs band,

maxima of thew-#* distributionsE .~ for investigated which is expected for diamontsee Fig. 6 The w-band
CVD diamond films. The molecular-dynamics simulatihs densities are taken as previously in E8). So we have for

suggested a value between 4 and 5 eVHqr,« in tetrahe-

eEq,

drally bonded amorphous carbon. In Fig. 8 we plot the value

of optical absorption coefficient at 3.5 eV as a function of
the preintegration constaB;, obtained from Eq(5) by us-

9,.(6)=D(e~Es«)? ()

ing the least-square fitting procedure. It can be seen that the
a(B;) dependence has a linear character as expected froand fore<E,,:
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10 responds to the fundamental absorption in type lla diamond.
As seen in Fig. 1 tailing off of the optical absorption coeffi-
cient into the band gap is present. Therefore it is expected
that the optical absorption coefficieat is the sum of the
indirect transitions between the valence and conduction para-
bolic bands, and the transitions from the localized states in

) the broadened exponential tails to states above the band
c .
5 edges:
o K ; Enox =2.6
E 0.1 1 ; " ’,’ ——— Enc*=2.8
= A nG* = 3.
& a(E)=G(E~Eg=Ep)? +H f 0,(€)gs+ (e +E)de,
N —--—Enc*=3.4
0.01 - /'I // Eno* = 3.6 ®)
' [ ‘"Ezz jxo whereG andH are constantsz, is the fundamental indirect
’,’ j , o Erov—42 gap,d, is the initial density of states, which is gpproximated
T - Enct =44 by Egs.(6) and(7), assuminges=E4, andgs« is the den-
0.001 vt sity of final states above the band edge. It is interesting to
0 4 6 note that the calculated absorption spectra according to Eq.
ENERGY [eV ] (8) for film D11 in Fig. 4 resemble the UV-continuum ab-

sorption, present in lla diamorfdThe origin of the con-
FIG. 9. Numerical calculation of the optical absorption coeffi- tinuum absorption has not yet been satisfactorily explained
cient o due tom-c* transitions in amorphous carbon regions, de-in the literature. It has been suggested that it is connected
scribed by Eqgs(6) and (7). Simulations are shown for various with the presence of amorphous carbon clust®rs.
energy distances of the-%* density of states distributions, de-
fscribed by the pf_arametEr,TE*, the value forE .« is setto 3.5 eV D. Deconvolution of experimental data
in these calculations.

The least-squares fitting procedure was used to fit{Bg.

. e o " -
9y={G(Em—Es+ ) 2exy] (Eqn—Es«)/Eq]} assuming bothr-7 andlvr o transltlons, tq t'he experi

mental values of the optical absorption coefficient, obtained

Xexf (e—Esx)/Ep], (7) from the PDS measurements. The calculated optical absorp-

] tion coefficient is plotted together with the experimental data
whereD and G are constantst, is the slope of the expo- in Figs. 4 and 5. A very good agreement with the experimen-
nential tail, andEz* is the bottom of the&* diamond con- tal data can be established. The parameters of thehﬁi
duction band. The densities described by Efsand(7) are  preintegration constant®, and B,, the energy distance
equal atE=E. This gives the preexponential factor in Eq. g__, petween two maxima of ther®™) state distributions
(7). In this case the convolution integral E@) can only be  ang their half width at half maximum, the energy dis-
solved numerically. The numerical solution of E@) for  tanceE . between the maximum of the state distribution
various values oE, andE, is shown in Fig. 9. And param- 5nd the bottom edge of ti&* band and the slopg, of the

eters of the numerical fit are shown in Table 1. exponential broadening of the parabolichand, starting at
the energyE,,) are summarized in Table Il. In Fig. 8, the
C. Indirect transitions in diamond relation between the numerically obtained value for the con-

stantB,; and the measured value of the optical absorption

Th ransitions ar ri E—E *+E.)? e . ,
ese transitions are described by o Epr) coefficienta at 3.5 eV is plotted. According to these results,

dependenc& whereE, is the phonon energy arig, is the : . . .
width of the forbidden gap, assuming little change of theby increasing the film quality, the absolute number mf

/ " X . . )
matrix elements around the band edges. Such transition cof- transitions is decreas_m@e.g., lower defect induced op
tical absorption and the distance between the two Gaussian

TABLE Il. Parameters of the least-squares fitting procedure todls’mbm'ons(pse"UdOg"’mIS widening. This is in agreement

Eq. (2) (W, E,.x) E,.sx, Em, By, By, E,), described in the Sec. With data obtained foa-C:H films. _ _
IV and Fig. 6, obtained by a numerical deconvolution of the experi- 10 Summarize, the proposed theoretical model describes

mental absorption data. the character of the characteristic continuum subgap optical
absorption in CVD diamond films. The least-square fitting is

Sample w(V) E, .« E,s«+ Enz By B, E, in a very good agreement with experimental data of the op-
tical absorption spectra for all investigated samples, starting

d2.1 065 350 38 400 95 08 010 from nanocrystalline films to high-quality CVD diamond.

d2.3 0.54 3.07 380 389 301 0.8 0.10

d2.4 0.57 3.06 3.70 3.80 1017 0.3 0.10 V. CONCLUSIONS

d2.6 0.54 3.00 3.80 388 1270 04 0.15

d2.7 0.52 3.08 370 3.78 1038 0.4 0.10 In this paper, the subgap absorption in CVD diamond

d2.8 0.47 324 380 389 444 0.2 0.1036 films was investigated and a mathematical model for its de-

d2.9 0.50 290 3.62 3.63 1440 0.2 020 scription developed. The PDS allowed the detailed study of

D11 0.55 3.40 445 455 24 1.6 0.1 the subgap absorption and the measurement of the optical

absorption coefficient in a very broad dynamic range from
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a <1072 cm~ ! to a>10° cm™*. Based on these data we trogen or by other extrinsic impurities. _
followed up the development of the main defect structure in_ A numerical deconvolution procedure was developed in

the deposition condition®. retical model. The fit yielded a very good agreement with

Experimental data, presented in Sec. 1l B showed that alfxperimental data and the fitted parameters are very close_ to
measured CVD films exhibited a very similar feature in thethose expected from current knowledge of the electronic
subgap absorption, starting from an onset at about 1 eV. Th@lructure ofa-C:H.
observed feature resembles the optical absorption spectra of
amorphous carborafC:H) films, which are believed due to
optical transitions in ther-7* pseudogap.

The morphology study proved that the films with highest This work was supported by a NATO International Sci-
subgap absorption were very finely grained with an increasedntific Exchange Programmes Linkage Grant, Project No.
surface of grain boundaries. Raman spectroscopy detected iTECH.LG 940890, and NFWQNationaal Fonds voor
increased amount afp? carbon in these films. These films Wetenschappelijk Onderzoek, BrusgelResearch Pro-
were optically smooth(low scattering lossg@sand optical gramme, Project No. G.0014.96 and by the Grant Agency of
transmission measurements showed that the characteristic ithe Czech Republic, Project No. 202/96/0446. The authors
direct absorption edge of the diamond structure was lost. Owould like to thank E. Sleeks and RUCA in Antwerp for
the other hand the best-quality CVD diamond attained thdelp with optical transmission measurements. The authors
character of the fundamental absorption edge, although optappreciate the fruitful discussions with Dr. C. Quaeyhaegens,
cal absorption in this region exhibited a broadening. In comProfessor P. Nagels and Dr. S. Kadlec and provision of Ila
parison with absorption data for type [(BIPHT) diamond and Ib diamond plates and homoepitaxial diamond sample
and the SIMS analysi3it has been shown that the charac- by Dr. J. Schermer and Dr. G. Janssen from the University of
teristic absorption cannot be explained by substitutional niNijmegen in The Netherlands.
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