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Spectroscopic ellipsometry and electrical studies of as-grown and rapid
thermal oxidized Si ;_,_,Ge,C,, films

W. K. Choi,® W. Feng, and L. K. Bera
Microelectronics Laboratory, Department of Electrical and Computer Engineering, National University
of Singapore 4 Engineering Drive 3, Singapore 117576

C. Y. Yang and J. Mi
Microelectronics Laboratory, Santa Clara University, 500 El Camino Real, Santa Clara, California 95053

(Received 16 April 2001; accepted for publication 28 August 2001

Transmission electron microscopy results showed the formation of SiC precipitation in a rapid
thermally oxidized (RTO) Si;_, ,GgC, sample with high-C content. The spectroscopic
ellipsometry results showed that tkg gap increased an, gap decreased as the C concentration
increased. For the oxidized samples, the amplitude oEth&ansitions reduced rapidly and tkg
transition shifted to a lower energy. The reduction in Eyetransitions was due to the presence of
the oxide layer. A high-Ge content layer and the low-C content in the RTO films accounted for the
E, shift to lower energy. The electrical measurements showed that RTO at 800 °C did not improve
the oxide quality as compared to 1000 °C. Z001 American Institute of Physics.

[DOI: 10.1063/1.1413715

I. INTRODUCTION tron microscopy(TEM). We examine the influence of C on
the film’s optical properties by spectroscopic ellipsometry
SE). As the oxides grown at 1000 °C were shown to be
nsatisfactory, we attempted to grow oxides at a lower RTO
temperature of 800 °C in £or N,O. The electrical results of
such oxides are reported in this article.

Epitaxial Si_,Ge,/Si heterostructurés* have demon-
strated impressive results for Si-based band-gap engineerin
The incorporation of carborC) in Si;_,Gg, layers allows
the growth of heterostructures with well-controlled misfit
strain. The growth of such layers is, however, difficult due to
the high mismatch between C and Si lattices, low solubility
of C in Si, and the tendency of silicon carbide precipitation.!l. EXPERIMENT

We have recently carried out structiraind electricdl The Si_,_,GeC, samples were epitaxially grown on

characterizations of as-grown and rapid thermal oxidizeq1_type (100 Si substrates by RTCVB.The growth was
(RTO) Siy—-yGeCy alloy films grown by rapid thermal ,chieved by heating the substrate with a bank of halogen
chemical-vapor depositiofRTCVD). We found that C incor- 510 at 500-600 °C with a pressure of 1.5 Torr. A Si buffer
poration into the i, ,G&C, system can lead to compres- |aver (200 nm was grown at 900 °C, followed by the growth
sive or tensile strain in the film. For compressive or fully ;¢ iha alloy layer. The process gases were silane (SiH
compensated films, the RTO process drastically reduces ﬂb:‘ermane (Gel), methylsilane (SiCk), and hydrogen

C content such that the oxidized films closely resemble th‘sz). The alloy t'hickness was in the rarylge of 50—130 nm.
Si;,Gg films. For tensile films, two broad regions, one = “Ranid thermal oxidation was achieved with an AST SHS

with carbon content higher and the other lower than thalg ranid thermal processor. Details of the RTO process can
required for full compensation, coexist in the oxidized films. o tound in our earlier article.RTO was performed at

We have also reported briefly the formation of SiC precipi-gng ¢ for 600 s in dry oxygen (9 or N,O ambient. The
tates in the high-C content RTO samples. _ . oxide thickness was found to be between 4 and 5.5 nm. The

The electrical results of oxides grown at 1000 °C indi- g experiments were carried out using a Philips CM300
cated segregation of Ge at the $i6i, - ,GC, interface,  gygtem with an operating voltage of 300 kV. The SE experi-
a thin GeQ layer at the oxide surface, and elemental Ge atyants  were performed using a spectroscopic phase-
the int_erface and in the pxide. Due tolthe slegregaﬁon of Géodulated ellipsometefUVSEL) with the energy ranged
at the interface, a very h|gh_(3—3§6l01 ev-iem Y) inter- fom 1.5 t0 4.5 eV. The rotating polarizer and tracking ana-
face state density was obtained. All the oxides showed eleqyZer were set at 70°. The energy increment and integration
tron trapping behavior and the trap generation rate decreasgthe were set at 0.01 eV and 2 s, respectively. The critical-
with increasing C (_:oncentration. Thg charge—to—b_reakdowrboint energy E,) and broadening factdil’) were obtained
value and the oxide breakdown field were higher forhy e fitting the second derivative of the dielectric con-
Si;—xGg than S{_,GeCy samples, and these values de-giant =, +i¢,) versus energy plots using the least-square
creased with increasing C concentration. method.

In this work, we investigate further the formation of SIC g glectrical properties of the oxides were investigated
precipitates in Si.,GgCy samples using transmission elec- ging the capacitance—voltagé£V), conductance—voltage
(G-V), and the current—voltage{V) characteristics of the
dElectronic mail: elechoi@nus.edu.sg Al-SiO,~Si _,GegC, capacitor structure. TheC-V
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to Ge diffused into the Si substrate as a result of high-
temperature oxidation. The whole Qksd5€y 11,0184 film
is also found to contain a significant number of black spots.
— There are two TEM studies on SiC formation in SiGeC
! films 2% The SiGeC samples of Warrest al® (C=1%) and

‘: Cuadraset al1° (C=0.5% exhibited very different SiC pre-
cipitate density. The precipitate density of Warrenhal. is
similar to our results of Fig.(b). It is useful to point out that
Straneet al also reported a SiC precipitate distribution in

. | an annealedat 925 °C for 190 mij Siy 95Co 014 alloy, very
e similar to our results.

We have also observed from our TEM results of rapid
thermally oxidized Qs815&.11L0.0059 and
Sio.s7358 1100132 Samples that the SiC precipitates were
significantly lesser than that shown in FigblL The TEM
results, therefore, agree with our IR resbits that the for-
mation of SiC precipitates can only be observed in the
high-C content RTO samples. We are, however, not able to
comment quantitatively on the influence of Ge segregation
on the interface state density from the TEM micrographs.

B. SE results

Figure 2 shows the pseudodielectric function versus pho-
ton energy for the as-grown SislGeq13 and
Sip g7 yG& 11 Ly alloys. The large amplitudes of titg and
E, gaps of these samples indicate good crystallinity of the
films. The energy and peak valueseaffor Siy gg/Gey 113are
comparable to strained SiGe filnsThe amplitudes o, at
the E; andE, gaps decrease with an increase in C concen-
tration. This is due to the alloying effect and stoichiometric
deformation of the films. The humps at the lower edge of the

E, gap at 2.6, 2.4, and 2.3 eV for o215 11L0.0050:

Sip 873d5€.1180.0132 aNd S gead>€y 11800184 filMs may be
due to C-related band gaps.

Figure 3a) shows the energy dependence of the second
derivatives ofe; and e, for the as-grown samples. The re-
sults are fitted using the formula develop by Aspriessum-
ing two critical pointsE; andE}. In general, the agreement
between the experimental and the simulated results is good.

Figure 4a) shows the peak positions &; andE; as a
FIG. 1. Typical cross-sectional TEM micrographs (af as-grown andb) function of C concentration for the as-grown samples. The
rapid thermally oxidized Sisead>€.114C0 0184 SAMPES. E, transition increases linearly with increasing C concentra-
tion. The E; transition is independent of C concentration.

) ) The broadening factor of the,; transition for Sj gs/G&y 113iS
(G-V) and thel -V measurements were carried out using ang 137 ev and increases to 0.149, 0.157, and 0.197 eV with C

HPA4192 LF impedance analyzer and an HP4156 semiconsyncentration equal to 0.59%, 1.32%, and 1.84%, respec-

ductor parameter analyzer, respectively. tively. Note that theE, peak also broadened but shifts to
lower energy. The broadening of thg andE, peaks may be

11l. RESULTS AND DISCUSSION attributed to the distortion near the carbon atoms and the
internal splitting of electronic band$.

A. TEM results -

Figure 5 compares, of the as-grown and RTO samples.

Figure 1 show typical TEM results of the as-grown andThe intensity of theE; and E, transitions decreases for all

RTO Si,_«yGgC, samples. Figure(d) shows a very good the RTO samples. The; transition shifts towards the lower

interface between $issdS&.11L0.0184 and the Si buffer energy direction for the RTO samples. This means that the

layer. No microtwins or defects can be observed in the astransition occurs from a higher Ge content layer in the

grown sample. Figure(lh) shows that after RTO at 1000 °C, samples. The higher Ge content layer could be due to the Ge

there is a lack of sharp interface betweenpiled up at the SigQlsubstrate interface as a result of RTO. As

Siosesdo®.11L0 0182@nd the Si buffer layer. This may be due the E; peak for samples §isGeq13 and
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FIG. 2. Pseudodielectric function vs photon energy for the as-groy/gySig; 113and S ggz G 11Cy alloys.

Sig 88158 11L0.0050 are located at 3.07 eV, this means thatof ~16 nm at the Si@-SiGe interface after RTO from our
the RTO process has reduced most of the C in theSIMS experiment$® We have calculated the penetration
Sio 8815&.11L0.0059 film. For samples Qig73dGe 1100132 depth of the light source used in the SE experiments to be
and S gesd5€ .11 00184 the E; peaks are located at 3.13 ~20 nm. Therefore, we attribute the reduction in the

and 3.15 eV, respectively. These values are lower thaithe value in the RTO SiggGey 113 film to be due to the higher
peaks of their respective as-grown samples. This suggests@e concentration layéf:*’

lower C concentration in the RTO samples. This is in good  For SiGeC films, we found that the strain varied from
agreement with our previous IR and secondary ion MasgompressivéC=0.0059, fully compensatedC=0.0133 to
spectroscopySIMS) results? The large reduction i in-  gnsjle (C=0.0184, depending on the carbon concentration
tensity atk, in Fig. 5 is due to the presence of an oxide i, yhe film, After RTO at 1000 °C for 270 s, the mismatch

layer. . . .
- strain of the §jgg11G&.118C0.0050 ANA Sh.g73¢5€.118C0.0132
To study the effect of oxidation on our samples, SE meag . increased to a value comparable 10 thgsS5ey 115

surements were done after the oxide was etched away. Tt}ﬁm However, the RTO Siassi3611C film showed
. ’ 1868 .113+~0.0184

second derivatives of the pseudodielectric function versup ..o compressive and tensile strain. Due to the rather com-

hot d the; andE] k C tent of " i ) . . .
Fh eo e(?nzheer:je;?;r/r’];gs arelsir(])wnoir? ?:?g(d;;gzil:jsz(b)cfgssz C_O plicated patterns in strain for the RTO SiGeC films, it would
’ be inadvisable to discuss the influence of strainEgrwith-

tively. As compared to the as-grown sampl€sy. 3@)], an i t
even better fit between the experimental and theoretical ré2Ut further experiments. On the other hand, we discovered a

sults is obtained for the etched samples. Figuts hows € Pileup of similar thicknes6~16 nm for SiGeC films at
that theE; transition is weakly dependent on the C content.the SiQ-SiGeC interface after RTOThe reduction in the
This is reasonable as the C concentrations in the samplds Values of the RTO SiGeC films may partially be due to
were significantly reduced after RTO. With the exception ofthe Ge pileup at the interface. Note that our SE results are in

sample §jgsGe 113 theEj transition of the etched samples complete agreement with that published by Boeaal'®
is independent of C content in the film. Figure 6 shows the refractive indices of the as-grown

It is worthwhile to note that we have observ@dno  and etched samples. It is clear that the refractive index in-
change in the mismatch strain in the, §iGe, 113 film after ~ creases with an increase in the incident radiation of less than
RTO at 1000 °C for 270 s. Therefore, the reduction inBhe 3.2 eV. The increase in the refractive index again indicates
value for the RTO SiggGe&y 113 film is unlikely to be due to  the presence of a high-Ge content layer in the etched
strain relaxation. On the other hand, we observed a Ge pileupamples.
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FIG. 3. Second derivatives of the pseudodielectric functiotaphs-grown
and (b) RTO samples, with oxide etched away, of,&iGey 113 and
Sip.ga7-yG&.114Cy alloys.

C. Electrical results

We have shown previously that rapid thermal oxides

grown on Si g735€.1180.0132aNd S ged>€.114C0.0184 SUD-
strates at 1000 °C were of poor qualityVe have shown in

Choi et al.
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FIG. 4. Energies of th&, and E;, critical points of (@) as-grown andb)
RTO samples, with oxide etched away, of (&iGe 113 and
Si.g87-yG& 11 Ly alloys.

tion. As electrical measurements are nondestructive and sim-
pler in terms of sample preparation, we used theV and

|-V measurements to explore the possibility of improving
the oxide quality. The oxides were grown at a lower RTO
temperature of 800 °C in pure,@r N,O ambient for 600 s.
The long oxidation time was to ensure reasonable oxide
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Sec. IlIIA that significant SiC precipitation occurred at riG, 5. Imaginary part of the pseudodielectric function of as-grown and
high-C content Si_,_,GgC, samples after 1000 °C oxida- RTO Sj gs/Gey.113and Shgsr-,Gey.11:Ly alloys.
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The sample with the $kg11Ge.11L0.0059 SUbStrate shows a
rapid increase in current for an electric field exceeding 4
MV/cm. It is interesting to note that oxides grown on the
Sio.g8Ce.113 aNd S ga115€.114L0.0050 SUbStrates with pO
thickness was obtained. We have chosen the, SiGgC,  ambient are more leakyo(=1.5—-2.5% 10080 temY)
substrate  with the lowest C content(i.e., than the corresponding samples grown iz @nbient. Also,
Sio.s815 1100059 10 mMinimize SIiC precipitation. The the conductivities of the 800 °C oxides are generally 2—-3
electrical results of Al-Si®-Si gs/5&.113 Capacitors were orders of magnitude higher than the 1000 °C oxides. The
included for comparison purposes. breakdown field of the 800 °C oxide on they, /ey 113
We found that thinner oxides were obtained when grownsubstrate grown in pO is higher than that grown in 0O
in N,O ambient as compared to,Oambient for both Note that the breakdown fields for all the oxides grown at
Siy 88758 113 and Sh gg1156 110 0050 SUbStrategsee Table 800°C are significantly lower than the breakdown field
I). This is expected, as oxide growth is always slower ON (10-14 MV/cm) of oxides grown at 1000 °C.
as compared to £ Figure 8 shows the high-frequen¢y MHz) C-V char-
The |-V characteristics of oxides grown on acteristics of the metal—oxide—semicondudf@lOS) struc-
Sio.88/C.113 and Sh gg11G& 1140.0050 SUDStrates in pO or  tures with Sf gg/Gey 113 and Sh gg11Gey 11400050 SUDSHrates.
O, ambient are shown in Fig. 7. The conductivities of oxidesThe substrate doping concentrations derived fromGhe/
(calculated at 4 MV/cmgrown in O, (see Table)lare inthe  curves are listed in Table I. Taking a relative permittivity of
range between 1:010 *and 2.5¢10 *Q " 1cm 1. These the S} gs/Ge& 113and S gs1G& 11C0.0050filMS to be~12.4,
are reasonable values as the oxides were grown at a reltie maximum depletion widths are estimated to-b#0 and
tively low temperature of 800 °C. We can only observe the40 nm, respectively. For the Sig/G&, 113film, the maximum
Fowler—Nordheim transport mechanism in thg &3iGey 113 depletion width will be extended into the Si buffer layer. The
samples. The onset of Fowler—Nordheim conduction is aSi buffer layer had a doping concentration ok %0"°—1
~6 MV/cm. A barrier height of 2.54 eV was obtained from X 10'®cm™3. This has resulted in a doping concentration of
the Folwer—Nordheim plot for the S¥OSi ggGey 113 SYS-  5.56xX 10°-1.56x10%cm ™3 for the RTO SjgsGC&113
tem. The lower value for the SE9Si) g5y 113System(c.f.  films. For the RTO Sigg11G&.11L0.0059 filM, the maximum
to the Si—SiQ system may be due to the rougher interface. depletion width is well inside the SiGeC layer. Table | shows

FIG. 6. Refractive indices of as-grown and RTO,giGe i3 and
Sip gg7-yG& 114y alloy films.

TABLE I. Oxide thickness, conductivity, breakdown field, and the interface state density of RTO oxides grown at 800 °C and the doping concentration on
Sip.gs75€.113aNd Sh 5638 11L0.0059 SUbStrates. Also included here for comparison are the oxide thickness, conductivity, breakdown field, and interface state
density of RTO oxides grown at 1000 °C in, ©n the same substrates.

RTO Oxide o Epg Doping Dj
Sample condition thickness(nm) Qtem™ (MV/cm) (cm™3) (cm2ev?
Sio.e85 113 0, (800 °Q 5.4 2.50<10° 1 9.06 1.56<10'° 1.62x10%
N,O (800 °Q 4.0 2.50<107 13 10.10 5.56¢ 10 2.42x 10%
0, (1000 °Q 17.9 3.9810 1® 12.53 6.7 10%° 3.00x 10"
Si.8515€.11LC0.0050 0, (800°0 4.3 1.00<10 4 9.75 1.06< 10'° 2.27x 10%?
N,O (800 °Q 4.1 1.50<10 13 9.30 1.30x 10'° 2.96x 102

0, (1000 °Q 125 7.96<10°16 12.81 5.7k 107 1.10x 10*?
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250 SE results showed that the,; gap increased an#&, gap
L —0—Si, 15,58, 115 decreased as the C concentration increased. For the RTO
200 L0 Siy 11G€0.413C0 coss samples, the amplitude of th®, transitions reduced rapidly
A SfomGeom and theE; transition shifted to a lower energy. The reduction
EQ_ 2 Sl 11 G€0.113C0.css of the amplitude of thde, transitions is due to the presence
o 150 of the oxide layer. The refractive indices of the RTO samples
e were higher compared to the as-grown films. A high-Ge con-
% 100 tent layer and the low-C content in the RTO films accounted
g for the E, shift to lower energy and the increase of the re-
S fractive index. We conclude from the electrical measure-
S0 ments that RTO at a lower temperature of 800 °C did not
improve the oxide quality as compared to 1000 °C.
0-3 -2 -1 0 1 2 3
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