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The polycrystalline Si_,Ge, (poly-Si,_,Gg,) films have better properties than poly-Si for device
fabrications, such as lower proceeding temperature and process thermal budget. For these reasons,
the poly-Si_,Ge, films have been utilized for low-temperature thin film transistor fabrications and
gate electrodes of metal—oxide—semiconductor transistors. In this work, disilane and germane were
used to grow poly-Si ,Ge, films at low temperaturé<600 °Q by the cold-wall type ultrahigh
vacuum chemical molecular epitaxy system. The poly-3&e, films were deposited on oxide and
nitride surfaces. The Ge fraction was evaluated from x-ray diffraction and Auger electron
spectroscopy. It is observed that the Ge fraction increases with the increase of thfdBekate.

The result is only slightly related to the substrate type. The growth rate increases with the Ge
fraction at lower values and then decreases with the Ge fraction in the higher composition range.
This implies that the growth mechanism of poly-SiGe, films is different from that of epitaxial
Si;_,Ge, on Si. The uniformity of poly-Si ,Ge, films depends on the Ge fraction, and it is
improved by the addition of germanium. The result can be explained by the lower activation energy
(<0.25 eV of poly-Si; _,Ge, deposition as compared to that of poly{5i2.1 eV). From the x-ray
diffraction and atomic force microscopy analyses, the crystallinity and surface roughness of films
are suitable for device fabrications. @000 American Vacuum Socief$0734-210000)07704-9

[. INTRODUCTION decreases the subthreshold swing of the transts$imce the
higher dopant activation rate and lower diffusivity of boron
atoms in poly-Sj_,Ge, film are compared to poly-Si films,
the boron penetration and poly-gate depletion effect can be
reduced for poly-Si ,Ge, gated metal-oxide—

Polycrystalline silicon—germaniunipoly-Si, _,Geg,) has
recently been shown to be a favorable alternative to poly
crystalline silicon(poly-Si) for various applications in inte-

. . . -5 . . .

gfa‘ed cw_cun(lC) technologies. _Smce the _mel_tmg point of semiconductor field effect transistofSIOSFETS.® Finally,
Si; _,Ge, is lower than that of Si, the fabrication processes - . .
oly-Si, _,Ge, can be used as local interconnects when effi-

such as deposition, crystallization, and dopant activation oc-. RF ; . ) e .
. . . cient activation of carriers with suppression of diffusion is

cur at lower temperatures for;Si,Ge, than for Si. In addi- required

tion, poly-Si_,Ge, films with Ge mole fractions up to 0.6 q '

are compatible with mature Si technologies. Poly-$Ge, f rgmgnbg thensugilisrr:etlj Irt?/sorrts, porlylsﬁG:?i f||:”nvcanrb§
films have been utilized for the low temperature thin film ormed by conveniional low-pressure chemical vapor depo-

e 6-9 ; 0,11 )
transistor (TFT) fabrications without exceeding 550 C, sition (LPCVD),"? the rapid thermal LPCVB?**and ultra

H 2,13 e
whereas comparable TFTs fabricated in poly-Si require prohIgh vacuum (UHV) CVD systems. Deposition of
oly-Si films at reduced pressurés:10 mTorp has been

ceeding temperatures at or above 600 °C. The significant ré

ductions in process temperature afforded by poly-S56, investigated to achieve low temperature proces§tnt It
make it a promising material for TFT IC applications. Fur- has been found that the transition temperature for an as-

thermore, with lower resistivity and variable work function, d€Posited Si film from a polycrystaliine to an amorphous
the heavily dopedp-type poly-Si_,Ge, is an interesting state is dependent on the growth pressure, and is significantly
gate-electrode material for submicrometer complimentaryoWered at reduced pressurésin a previous report, the
metal—oxide—semiconductor technologied. The work ~ POIy-Sh-xG& with a fine grain structure has been demon-
function of P~ poly-Si,_,Ge, decreases with increasing Ge Strated alt2_1t7emperatures as low as 500°C using
mole fractionx, so that the threshold voltage can be adjusted?HVCVD. Therefore, UHVCVD shows the most prom-
simply by varying the Ge content inside the filfhhis al-  1Sing method for low-temperature poly-Si film deposition.
lows one to reduce the surface channel doping while retain- In this article, the deposition of undoped poly:SiGe;
ing the same threshold voltage as for poly-Si gate. This resufilms onto SiQ and SiN, in a UHV chemical molecular
increases the current drivability, the transconductance, an@Pitaxy (UHVCME) system is described. This UHVCME
system features a cold-wall reactor with an extremely low

aAuthor to whom correspondence should be addressed; electronic mait?ase pressurex(10" " Torr) as well as the_ _rEduced deposi-
u8511801@cc.nctu.edu.tw tion pressures(<1 mTorn. These conditions allow ex-
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Fic. 1. Schematic diagram of the ultra-high vacuum chemical molecularFic. 2. Film thickness vs growth time for poly-Si grown on Sié different
epitaxy (UHVCME) system. growth temperatures. The5is flow rate remained at 1 sccm.

The thicknesses of the deposited films were determined
by using a masked etch and measuring the step height using
a surface profile measuring system with an accuracy within
20 nm. The Ge fraction of the deposited poly-SiGe, films

tremely low temperaturéelow 550 °Q Si/Si; _,Ge, epitax-
ial growth to proceed on the Si substrdé® The
dependence of the Ge fraction and growth rate on thid¢Si

and GeH flow rates are evaluated from x-ray diffraction imaril | d by XRD. T it th f
(XRD) and surface profile measuring system, respectivel was primarily evaluated by - To verify the accuracy o

The growth mechanisms of poly-Si and poly-SiGe, have tr;e XRDf meth(;)ci, Aau%;[er e_Iect:ﬁn stecftrost_cde_St)hwas ful
been discussed and compared with that of epitaxialglSO periormed to determine the e fraction with carefu

Si/Si, ,Ge,. The surface morphology and structure proper_calibration. Atomic force microscopy was u_sed to investigate
ties of these films are also presented. the surface morphology of the deposited films.

Ill. RESULTS AND DISCUSSIONS

Figure 2 shows a typical plot of thickness measurement as

The UHVCME system used in this study includes aa function of growth time for the poly-Si films deposition on
water-cooled cold wall stainless steel growth chamber, &iO, at different temperatures. The slope of the fit line and
loading chamber, separate nozzles for process gases, andtsintercept with the axis are defined as the growth rate and
computer-controlled gas switching box. A schematic draw-the incubation time, respectively, for each growth tempera-
ing of this system is shown in Fig. 1. The growth chamber isture. As illustrated, the poly-Si nucleation on an insulating
pumped by a 1000”/s turbomolecular pump and a base substrate did not begin immediately, and there was an initial
pressure of X10 °Torr can be obtained. The chamber short period during which the poly-Si was not observed on
pressure is also maintained belowk10 3 Torr during the insulating substrate by scanning electron microsd&iiV).
deposition process by this pump. The wafers were loadett is clearly noted that the growth rate increases while the
into the loading chamber and then the chamber was pumpddcubation time decreases with increasing growth tempera-
down to 10 ® Torr as soon as possible. After the wafers wereture. The increase of incubation time with decreasing growth
transferred into the growth chamber for deposition, thetemperature is due to slower nucleation and growth rates at
heater was lowered and started to heat the wafer to the deptmwer temperature¥. Figure 3 shows the incubation time of
sition temperature at a ramp of 150 °C/min. Source gases amoly-Si, _,Ge, films grown at 550 °C for thermal oxide and
pure disilane from 1 to 10 sccm and pure germane from 1 taitride substrate as a function of the Ge#bw rate. With
10 sccm. The flow rates of reaction gases are controlled prexide substrate, a considerable amount of the incubation time
cisely by their own mass-flow controllers. In this work, 6 in. is due to the rather low deposition rate0.9 nm/min as
(100 Si wafers coated with a thermal oxide or nitride werewell as the low generation rate of the nucléBecause of the
used as the substrates. Prior to deposition, the substratlsg incubation time for Si@substrate, we found that the
were cleaned using the standard RCA cleaning procedurg@oly-Si _,Ge, film cannot be directly deposited on the gate
With this treatment, the wafers were subjected to a 5:1:0.25xide for poly-Sj ,Ge, gated MOSFET fabrication, and the
H,0:H,0,:NH,OH bath at 75 °C for 10 min, followed by a gate oxide was destroyed under the UHV environment. To
10 min rinse in de-ionizedDl) water, and then to a 5:1:1 avoid this problem, a thin nitride layer must be deposited on
H,0:H,0,:HCI bath at 75 °C for 10 min, followed by a 10 gate oxide before the poly-Si,Ge, growth. With a nitride
min rinse in DI water and spin dry. substrate, the incubation time was about eight times smaller

[I. EXPERIMENT
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Fic. 3. Incubation time for poly-$i,Ge, films deposited at 550 °C as a Fig. 5. X-ray diffraction data for 200 nm thick poly-Si,Ge, films depos-
function of GeH flow rate. ited at 580 °C.

than that of the oxide substrate. This fact suggests that, ONghonds to the energy required for hydrogen atoms to desorb
nitride surface, the generation rate of the nuclei is larger thafom the S{100) surface” This is evidence that the Si depo-
that on an oxide surface. This may be due to either the higheition rate is controlled by the desorption rate of hydrogen
areal density of chemical bonds on the nitride surface, or thgom the substrate surface. When Gekhs added, the poly-
chemical difference between oxide and nitrfdeln both Si,_,Ge, growth rate was enhanced in the low temperature
cases, we found that the addition of GeiHcreases the in-  yange(<550°Q and the activation energy was reduced to
cubation time. This result may be due to the higher surfacq g gy for GeH=1.5sccm. The decrease in activation en-
mobility of Ge adatoms on the substrate surface which retargrgy with the addition of a small fraction of Gelis consis-
the generation of nuclei. _ tent with work on Sj_,Ge, epitaxy® This phenomenon was
In this study, we found that the substrate type did noft|so observed by the LPCVD systérand we speculate that
affect the Ge fraction and growth rate of the poly-SiGe,  Ge atoms at the growth interface serve as hydrogen desorp-
films. Figure 4 is an Arrhenius plot of deposition rates versusjon centers and reduce the activation energy for hydrogen
reciprocal of the growth temperatures. The activation energyjesorptiort? As the deposition temperature increases, the
associated with pure poly-Si growth was found to be aboutyrves show lower apparent activation energy less than 0.25
2.1 eV. This value is the same as the activation energy of Sl This indicates that the deposition changes from the
epitaxy with the UHVCME system. The growth of poly-Si reaction-rate limited regime to the mass-transport limited re-
follows an identical mechanism of Si epitaxy on #1€@0 Si  gime. Since the chemical surface reaction rate increases rap-
surface. The activation energy for the Si growth rate correjgly with the addition of Gelj, the reactant gas supply
reaching the substrate surface cannot keep up with the de-
10 prrme . I mand of the reaction. Therefore, the transition temperature
. between the reaction-rate limited regime and mass-transport
limited regime decreases with increasing Gdkaction in
the reaction gas.

.’g The XRD spectra of the poly-Si,Ge, with x=0.08,

£ 0.21, and 0.36 are shown in Fig. 5. Peaks corresponding to

£ the (112), (220), and(311) planes are indicators of diamond

£ ] crystal structure. All the films show preferential orientation

p ® GeH,=0scem Yo of the (111) plane in spite of Ge fraction. The full width at

E v GeH,=15sccm 1 the half maximum of the XRD peak for thd11) plane is

5 | m GeH,=5sccm ] around 0.3°, indicating that the crystallinity of film is good
# GeH,=10sccm enough compared with typical poly-Si film deposited by
O GeH, =0sccm (Epi) ] LPCVD. The locations of the singular peaks are located in
v GeH,=15scem (Epi) B between those of poly-Si and poly-Ge, and are shifted more

108 112 116 120 124 128 1.32 toward those of pure Ge for the films with higher Ge frac-
tion. The increase in the Ge fraction results in an increase in
the lattice constant. The lattice constant was determined by
Fic. 4. Film deposition rate as a function of the inverse of deposition tem-th€ average of the lattice constants obtained from(11)
perature for various Gefflow rates. and (220 peaks. The lattice constants were used to calculate

1000/T (K™
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different growth temperatures. Fic. 7. Growth rates of poly-$i ,Ge, films as a function of Ge fractionat
different growth temperatures.

the Ge atomic fractiom by Vegard’s law. Because the strain with the Ge fraction in the $i ,Ge, film. As observed from
of grain is present in the as-deposited poly-$Ge, films, Fig. 4, the deposition is limited by surface reaction at lower
the lattice distortion exists and affects the precision of meaGe fraction. In this casdig; depends on the &g flow rates,
surement. To obtain the measurement uncertainty of theurface reaction rate constants, and the hydrogen desorption
XRD method, some samples were measured by AES. Theate. Hence the initial increase BE; at lower Ge fraction is
AES data have been calibrated with Si and Ge standardsaused by enhancement of hydrogen desorption with Ge in-
Compared with AES analyses, the accuracy of the Ge fracsorporation. WherRg; was increased to a maximum value,
tion determined by XRD is within 2 at. %. Figure 6 shows Rg; began to decrease with increasing Ge fraction. In the
the dependence of the Ge fractigron the GeH flow rate.  higher composition range, the growth rate is not sensitive to
The SpHg flow rate was kept at 1 sccm. The Ge fraction the substrate temperature as illustrated in Fig. 4; this indi-
increased monotonically with the increase of the @éblw  cates that the deposition is controlled by mass transfer. In the
when the growth temperature remained constant. The Gmass-transport limited regime, tRg; depends on SiHg con-
fraction increases slightly with the decrease of growth tem<centration, and sticking probability of 5l on the Sj_,Ge,
perature for fixed SHg and GeH flow rates. This observa- surface. Kimet al?* proposed a model based on the sticking
tion is consistent with previous findings of lower activation probability of Si and Ge precursors to explain the behavior.
energies for germanium deposition compared to those forhey concluded that the decrease of growth rate with in-
silicon depositiorf? creasing Ge content in the mass-transport limited regime is
Poly-Si, _,Ge, deposition rate is plotted as a function of due to the sticking probabilities of both Si and Ge precursors
the Ge atomic fraction in Fig. 7. Each line represents a conbeing lower on Ge than on Si. In our UHVCME system, we
stant deposition temperature. The growth rate increases witlound that the total growth pressure increases linearly with
the Ge fraction at lower values and then decreases with thihe increase of GeHflow rate due to the constant pump
Ge fraction in the higher composition range. The variation ofspeed as shown in Fig. 9. The increase of the growth pres-
the deposition rate for poly- §i,Ge, films with Ge fraction  sure will decrease the gas velocity, and hence thidg3ion-
is significantly different from that of epitaxial oné$This  centration reaching the Si,Ge, surface. This may also be
phenomenon was also observed by other UHVCVD systenthe reason for the decrease of Si growth rate. However, the
and was explained by the different strain energy contained iactual growth mechanism is not very clear in our UHVCME
the poly- Si_,Ge, and epitaxial Si_,Ge,.*® To obtain fur-  system, and will be studied in detail in the future. In Fig.
ther insight into the above results, we divided the $Ge, ~ 8(a), the peaks shift to the left as the deposition temperature
growth rateRg;igc into the Si growth ratdRg; and Ge growth increases. This is simply because the reaction rate increases
rate Rge, that is,Rgige IS equal to Rgi+Rge). The separa- quickly with the deposition temperature, and the deposition
tion was based on the determined Si and Ge fractions in thenters the mass-transport limited regime at lower Ge frac-
Si; _,Ge, films. Figure &) and 8b) show the Si and Ge tion. In Fig. 8b), Rge increases monotonically with the Ge
growth rates as a function of Ge fraction in the depositedraction and almost does not depend on growth temperature.
poly-Si, _,Ge, film. For the Si growth rate, a maximum is The increase oRg wWith Ge fraction is mainly due to the
observed for each temperature. The Si growth rate increas@screase of the GeHconcentration in the bulk gas.
first, and then decreases with Ge fraction. The Ge growth For poly-Si_,Ge, gated MOSFET application, the sur-
rate, on the other hand, shows no maximum and increasdace roughness and thickness uniformity of poly-SGe,

JVST A - Vacuum, Surfaces, and Films
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E —& - T=530°C is 2.5% for GeH=1.5sccm, and reduces to 1.9% for
£ ° . .
£ 05 3 GeH,=10sccm at 580 °C. The deposition of poly-SiGe,
o) is limited by mass transfer at 580 and 550 °C. The growth
T 04 ] rate tends to become temperature insensitive. For the UH-
§ oaf VCME reactor, an equal flux of reactants to all locations of a
8 : ] wafer surface is supplied, so the thickness uniformity can be
o 02 ! 3 improved in the mass-transport limited regime.
o - ]

0.1F ] IV. CONCLUSIONS

0.0 1 ] SibHg and GeH are used to grow poly-$i,Ge, by the

0.0 0.1 0.2 03 0.4 cold-wall UHVCME process. The Ge fraction and growth

(b) Ge fraction x rate of poly-Sj ,Ge, were found to be dependent on the
GeH, flow rate at a constant g flow, while not on the
Fic. 8. (a) Si and(b) Ge components of poly-5i,Ge, depositionrate vs Ge g pstrate type. The Ge fraction increased monotonically with
fractionx at different growth temperatures. the increase of GeHflow. The Si_,Ge, growth rates for
various Ge fractions were separated into Si growth rate and
Ge growth rate. From the results obtained, Si growth rate is
with nitride substrate were investig.ated. The r_naximum peakgreatly enhanced by introduction of a small amount of GeH
to-peak surface roughness and thickness uniformity of polyanq then decreases when the Ge fraction is further increased.
Si; 4G films grown on nitride at 580 and 550°C are The decrease of growth rate is due to the reduction of the
shown in Table I. The surface roughness of poly-366.  gj,H, concentration or the sticking probabilities of precur-
films increases as the Gglflow rate increased at the same gqs on the Si_,Ge, surface in mass-transport limited re-

temperature. This is probably because the grain size of p0|ygime. Besides the above effects in Si growth rate, Ge growth
crystals becomes larger when the Ge fraction increased. The

average grain size was estimated to be 150-180 nm for poly-
Sip 7dG&y 21 deposited at 580 °C by SEM measurements. InTaste I. Thickness uniformity and surface roughness of poly-3be,
addltlon, the Smoother fllms are Obtalned by |Ower|ng thefllmS at 550 and 580 °C with nitride substrate. Thg‘@IﬂOW rate remained
deposition temperature. The thickness uniformity of poly-Sit * Sc™
is 16% at 580 °C, and it is undesirable for device application. T=550°C T=580°C
As observed in Fig. 4, the deposition of poly-Si is limited by
surface reaction, so the growth rate of films is strongly de-ii':“

Roughness  Uniformity Roughness  Uniformity

(%) (%) (%) (%)
pendent on the growth temperature. Because the temperature
distribution of the substrate heater is not constant, the film © 56 14 8.2 16
thickness is not uniform across the wafer. The thickness uni- 2'01 22;3 113% zzf
formity of poly-Si;_,Ge, films can be improved by the ad- 4, 11 17 15 19

dition of germanium. As illustrated in Table I, the uniformity
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