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Growth, structure, and transport properties of thin (>10 nm)
n-type microcrystalline silicon prepared on silicon oxide
and its application to single-electron transistor
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Microcrystalline silicon {.c-Si:H) thin films were prepared at 300 °C on glass. Their structure and
transport properties were studied in a wide range of film thickness ranging from 10 npmoThe

crystal fraction increases monotonously fren4% to~100% as film thickness increases. Electron
mobility first increases with increasing film thickness at thicknesses smaller than 50 nm but saturates
at larger thickness. This mobility behavior is explained by percolation transport through crystalline
grains. These results are different from those obtained with preferentially oriented polycrystalline
silicon films. It is related to the difference in the microstructure evolution in which subsequent film
growth is influenced by the growth surface structure. A single-electron transistor fabricated in
30-nm-thick uc-Si:H exhibits Coulomb blockade effects at 4.2 K. This result indicates that
amorphous phases which exist between crystalline grains behave as tunnel barrier for electrons.
© 2001 American Institute of Physic§DOI: 10.1063/1.1368164

|. INTRODUCTION ferred to as incubation layerare formed during the initial
growth of poly-juc-Si:H on nonsingle-crystalline substrates,
Poly-/micro-crystalline  silicon (poly-/uc-Si:H) thin  which deteriorates device performance. Thus many attempts
films have been used for various devices such as thin filnhave been made to improve film crystallinity during the ini-
solar cells and thin film transistéTFT) arrays for flat panel tjal growth of poly-juc-Si:H on glasg.°
displays!™® Plasma-enhanced chemical vapor deposition |n our previous work, we have reported on high crystal-
(PECVD) is not only a common and simple technique em-jinity, high quality poly-Si:H films prepared on glass from
ployed in the fabrication of these silicon-based devices, iiSiF, and H, gas mixtures, where a fluorinated source gas
also provides the ability to control the film microstructure enhances crystallization and crystallite gro#thThe film
such as the grain size and the grain boundary structure. Thigicrostructures including the grain orientation are controlled
feature makes it suitable for the development of materials foby selecting appropriate deposition conditidhs® which
novel quantum effect devices such as single-electron transi§yould lead to suitable device applications. For example,
tors (SETS. (220 oriented poly-Si can be grown at small gas flow ratios
Solar cells and TFTs are usually fabricated in poly-/(e g., Sif/H,<30/10sccmat 300 °C. It has rather large sur-
,LLC'Si:H f|ImS deposited on nonsingle'crysta”ine Substrateqace roughness and |atera| grain Size_ Due to more pro_
such as polycrystalline transparent conductive oxide, metadounced natural light scattering at the rough film surface and
or plastic sheets. This reduces the substrate cost and aIIO\@sf,ain boundaries, this material has an efficient light-trapping
for the use of large-area substrates that may lead to the dnction that results in higher apparent optical absorption in
velopment of new devices such as flexible solar cells andpjar cell photoactive layefé'® The (400 oriented poly-Si
future sheet computers. In addition, TFTs and SETs can bggp pe grown at a higher gas flow ratio of 60/3 sccm at
prepared on silicon-on-insulator substrates for higher operasng °c and it has a smoother surface, higher quality crystal-
tion speed and better electrical isolation. However, thinjne grains and a larger carrier mobility This material may
amorphous silicon &-Si:H) or amorphous rich layer&e- e sed for high performance TETL is also possible to
grow uc-Si:H with high crystallinity (crystal fraction
3E|ectronic mail: kamiya@iem.titech.ac.jp >60%) at temperatures as low as 50 °C with small ,2HF,

0021-8979/2001/89(11)/6265/7/$18.00 6265 © 2001 American Institute of Physics

Downloaded 08 Oct 2004 to 131.111.8.103. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



6266 J. Appl. Phys., Vol. 89, No. 11, 1 June 2001 Kamiya et al.

ratios?® In this case, the grains are randomly oriented and the
grain size is rather smalk30 nm in size¢. Such small grain
sizes may find novel applications in quantum effect devices.
We note that quantum confinement effects in such small
grain size silicon-based material have been observed as a
blueshift in photoluminescencé.

Poly-/uc-Si:H prepared at low temperatures on glass
can have an mhomOQEHeous SFFUC'_[UI’E and St_rUCtural _arHG. 1. SEM micrograph of double-gated SET with dimensions of 60 nm
transport properties such as grain size, crystalline fractionigth and 1.m length.
orientation fluctuation and carrier mobilities can be a strong
function of film thicknes¥~23In addition, the film structure
and transport properties can be changed by doping. This irRluminum was deposited to form ohmic contacts to the
dicates that it is necessary to study film microstructure andtC-Si:H film after removing the surface oxide layer in buff-
transport properties at a thickness and doping concentratig®ied HF.
that is used in a specific device application.

The structural and transport properties of thicklL um) C. Structural and electrical characterization
poly-/uc-Si:H have been studied intensively as these films
are required for solar celfs! In contrast, TFTs and SETs
require the film thickness to be less than 100 %aithough
many studies exist on nucleation and growth of
we-Si:H,>*~28 we did not find a detailed study on transport

properties in relation to the structure for very thin films tar- i using a microcrystalline modgff2 The pseudo-

geted at SET applications. dielectric function (imaginary part will be referred to as
In this article, we focus on the structural and transport<€2>) was measured by a spectral ellipsomég® and ana-

properties ofuc-Si:H films of thickness from 10 nm t0 1 ;64 ysing a multilayer optical model to determine the crys-
pm. These films were prepared by very-high-frequencygjine fraction for thin films®® Surface morphology was ob-

PECVD (VHF CVD) and the deposition condition was opti- geneq by atomic force microscopfAFM). Hall effect
mized to prepare thip.c-Si:H films on glass with high crys- 645 rements were performed in a temperature range of 90—

tallinity. In addition, we fabricated a SET to examine the 450 i The electrical characteristic of the SET was measured
potential of this material in a quantum effect device apphca—at 4.2 K.

The film structures were studied using x-ray diffraction
(XRD) analysis and reflection high-energy electron diffrac-
tion (RHEED) analysis. The crystalline fraction was esti-
mated from thec-Si to a-Si:H TO phonon band peak area
ratio in the Raman spectrufhand the grain size was esti-

tion.
Ill. RESULTS AND DISCUSSIONS
Il. EXPERIMENT A. Film structure
A. Fabrication of uc-Si:H films Figure 2 shows the XRD profiles of thetype uc-Si:H

film. An XRD profile for an undopedgcc-Si:H film prepared
with the same conditions is shown for comparison. The un-
dopeduc-Si:H exhibits (220 preferential orientation while
the n-type uc-Si:H films exhibit(112) preferential orienta-
tion if the film thickness is larger than 0.3Bn. This result is
Qonsistent with that reported by Kakinuma, i.e., high doping
of PH; tends to promote(111) oriented grain growtf?

The wc-Si:H thin films were prepared by 100 MHz VHF
CVD from a SiR/H,/SiH, gas mixture(see Refs. 11 and 16
for detailg. After optimizing the deposition condition, a gas
flow rate of SikR/H,/SiH,=30/40/0.25sccm and a growth
temperature of 300 °C were used to obtain a high crystallin
fraction for thin films. Most of the films were doped using

PH;, 1% diluted with H, at a concentration of : o ; . .

. . When the film exhibit$220 orientation, Scherrer diameters
[PH;]/[SiH,]=2% to facilitate Hall effect measurement and __.. : :
electrical characterization of SETs. The VHF power was 40est|mated from 111R41) and 220 D29 diffraction peak

W and the reactor pressure was 200 mTorr. Corning 7059
glass was used for structural characterizations and Hall effect
measurements, 150-nm-thick SiCthermally grown on
n-type single-crystalline siliconcSi) was used as the sub-
strate in the preparation of the SET.

B. Fabrication of SETs
Al . . , . o (@)
ateral double side-gated nanowire was defined in the TSR Wi
mc-Si:H film using electron-beam lithography on polym- 25 30 35 40 45 50 55 60 65 70
ethyl methacrylate resist and reactive ion etched in a 1:1 CuKa 208/°
plasma of SIQJ and CE’ (See Ref. 29 for detaﬂs The FIG. 2. XRD profiles of undopegic-Si:H (a) andn-type uc-Si:H [(b), (c)].

nanowire was Jum long a_md 60 nm wide a'nd the s.ide gateSthe doping concentration PH,J/[SiH,]=2% in source gas. Numbers in
to the nanowire separation were 120 rifig. 1). Finally, figure indicate film thickness.

Diffraction intensity / cps
(W]
S
S
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TABLE |. Scherrer diameter estimated from 11D44,) and 220 Dy
diffraction widths.

Thicknessim Dy12/nm Doo/nm
Undoped 0.47 17 54
n-type 0.35 26 15 " . B
n—type 1.07 29 18 8 200 400 600 800

46.4nm

widths are 17 and 54 nm, respectively, for the Owd¥-thick
film (Table ). In contrast, the 1.0Zam-thick n-type nc-Si:H
film has largerD;; value of 29 nm and smalldD,,, value
of 18 nm. It is known that inhomogeneous strain makes the e - R Tt
D,,o Value smaller than th®,,; value because it increases = :
the diffraction peak widths at larger diffraction angles. How- b '
ever, this is not the case for the undoped-Si:H because
the Doy value is larger than th®,,, value. These results
indicate that the grain size depends on crystallite orientation
and that crystallites with the major preferential orientation of
the film have a large grain height. It is thought that the 220
diffraction in then-type wc-Si:H is attributed to randomly
oriented crystallites because the 220-311 diffraction inteng g 4. AFM images ofn-type uc-Si:H as a function of film thickness.
sity ratio is almost the same as that obtained with randomlyrhicknesses are 1.Q@m (a), 350 nm(b), 220 nm(c), 25 nm(d), and 10 nm
oriented silicon powder. It should be noted that the grain sizée)- Scan area is kmX1 um.
in the n-type uc-Si:H film does not change dramatically
with film thickness as seen in Table I. . , i )

RHEED images(Fig. 3 provide structural information ©Ptained by XRD D29, in which theD 5 value did not
for thinner films. Broad continuous diffraction rings are ob- change between 0.35 and 1.Gam thicknesses. The root
served with a hallow bright background for 10-nm-thick rrlgilorlos(%]arérms) roughness increases proportionally with
wc-SitH. This suggests that the film contains randomly ori-d~~ (d: film thickness, indicating a limited diffusion
ented microcrystalline and amorphous phases. The diffrac@Ssisted-film growth process. o _
tion ring width becomes sharper as the film thickness in-_Crystalline fraction and grain size were evaluated using
creases to 25 nm, indicating that the grain size increases@man scattering spectrum. In the case of Juf¥thick
during film growth in this thickness range. In the RHEED fllm, the. proﬁle was interpreted as a m_|xture of microcrys-
image of the 1.07um film, we can see spotty diffractions talline silicon grains~7.0 and~2.6 nm in size. An amor-
superimposed on the continuous diffraction rings. This indi-;PNous phase peak was not necessary to explain the profile.
cates that the film has 111 oriented grains near the surfac/nen the film thickness is smaller than the penetration depth
Therefore, we conclude that the 111 oriented grains apped! ("€ PUmping laser light300—500 nm for 514.5 nm wave-
after the film thickness exceeds 25 nm. length, the precise evaluation of the crystalline fraction by

For film thickness less than 220 nm, the AFM images inthe Raman spectrum is difficult because the profile includes a
Fig. 4 show that the lateral grain size increases as the filmyignificant signal from the glass substrate. By subtracting the
thickness increases. However, the lateral grain size does np{gna! from substrate, the crystal fraction was estimated to be
change markedly at a larger thickne&ig. 5). This result is 70% for 50-nm-thick film and it was found that the film

consistent with the variation of the perpendicular grain sizetontained crystalline grains’5.4 and~3.0 nm in size. The
size of the larger grains is smaller than in the 107%-thick

film, agreeing with the AFM resultFig. 4). However, the

b it
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FIG. 3. RHEED images ofi-type nc-Si:H as a function of film thickness. FIG. 5. Lateral grain sizécircles and rms surface roughne&diamond$
Film thicknesses are 1.0Zm (a), 25 nm(b), and 10 nm(c). evaluated from AFM images.
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FIG. 6. Pseudo-dielectric functiofe,) of uc-Si:H as a function of film © Nuclei or small grains

thickness. Thicknesses are 1,6/ (a), 350 nm(b), 220 nm(c), 100 nm(d), . . ) )
50 nm(e), and 25 nm(f). FIG. 8. Schematic illustration of film microstructure.

absolute values of the grain sizes measured by Raman anal _pximately 30% of amorphogs phase remains in 50-nm-
sis are much smaller than those observed by the AFM. W ick film. The _crystallme fraqtlon_lncreases_teloo% f_or
have reported a similar discrepancy between scanning eled:07wm-thick films. All uc-SiH films contain crystalline
tron microscopy(SEM) observation and XRD analysis for grains with different sizes and t_he size Qf the small grains
(220) oriented poly-Si This is because the large grains does not change dramatically with film thickness.

observed by SEM consist of smaller single-domain crystal- .

lites which are observed by XRD: i.e., the larger grains havé- Transport properties

small secondary structures. Similarly, it is thought that the Figure 9 shows the conductivity, electron mobility and
Raman analysis provides grain sizes of the smaller singlecarrier concentration of the films evaluated by Hall effect
domain crystallites and that thgc-Si:H contains small  measurements. It is worth noting that all the films do not
grains with size of~3 nm independent of film thickness, exhibit any double anomaly of Hall voltage sign as reported
suggesting that new nuclei are formed at/near the growtfh amorphous semiconductof$This indicates that even the
surface during the film deposition. It is possible that10-nm-thickuc-Si:H film has drift carriers and the scatter-

P-related impurity sites form preferential nucleation sites angng |ength is long enough for the Hall effect measurement
enhance the nucleation process.

For more precise determination of the crystalline frac-

tion, (e,) was measured by S&ig. 6). We observe broad 100[ By

peaks around 3.4 and 4.1 eV, attributed to band-to-band tran- £ T A=y
sition absorptions in crystalline silicon. The broad nature of 2

these peaks indicates that the grain size is small. Using a glo_ """\v\,
multilayer optical model comprising microcrystalline silicon, E] o YT
amorphous silicon and void, we evaluate the crystalline frac- S e

tion to be ~64% for 50-nm-thick film and~100% for film 1 (a) ‘ '\°\.

thickness increasing to 1.04m (Fig. 7). This agrees well R R S S
with the Raman results.
We can now summarize the film growth procésg. 8).

[

e
<>
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£ a A
The grains are initially randomly oriented but change to < ;ﬁ: :s:‘/:>3<9°
(111 preferential orientation as the film grows, due to the - ~ .

high P doping. The crystalline grains grow in height and in
diameter as the film thickness increases up-®0 nm but
their sizes do not change markedly at larger thickness. Ap-
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FIG. 7. Crystalline fraction evaluated by the SE analysis. triangles, and 10 nm(closed circlel
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FIG. 10. Room temperature Hall mobility as a function of film thickness. £ 0
Those obtained foK220) and (400 oriented poly-Si are also shown for é 10 100 1000 10000
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Si, squares(400) oriented poly-Si. » o . . .
FIG. 11. Hall mobility activation energy as a function of film thickness.

condition. Although some scattering is found in the mea- " . )
sured values due to the difficulty in an accurate measuremeMfder the deposition cong|t|on used because the perpendicu-
of the Hall voltage with high impedance samples, the roonfa' drain size of theuc-Si:H measured by XRDRsz9) i
temperature carrier density only decreases from 3 jnuch smaller than the film thickness and also smaller than

X 10%%cn? to 1.1x 107%cn® with decreasing film thickness those measured in th@20) or (400 preferentially oriented

while the conductivity falls markedly by one order of mag- poly-Si**" This may result in a saturation of lateral and per-

nitude. The carrier density does not show obvious temperagendi_cula.r grain size as well as Hall mobility observed in the
ture dependence, indicating a degenerate semiconductor. TH&Si:H films. .

decrease in the carrier density in thin films may be attributed _AS Kamiyaet al.report, the growth of the400) oriented

to the lower ionization efficiency of P in an amorphous phasd©!y-Si dsggends significantly on the growth surface
than in crystalline grains. Neither the mobility nor the elec-Structure'>>*Under conditions wher€220) oriented poly-Si
tron density change greatly when the film thickness is largefIMs are grown, the grain height tends to decrease with an
than 50 nm. At a thickness less than 50 nm, the mobility falldncreasing hydrogen mixing ratio, which is similar to the

. . . 9
rapidly by one order of magnitude, which is the main reasof€Sult obtained with a SikH, s_ystem?: In low-temperature
for the large decrease in conductivity. PECVD system using jand SiH, gases, the majority of the
growth surface is covered with hydrogen under high hydro-

C. Growth mechanism of uc-Si:H and relationship gen mixing ratio cpndmons. In the SifH, sy;tem, the hy- )
between film microstructure and transport dr.ogen coverage is thought to dgcrease with an increasing
properties SiF,/H, ratio, due to the extraction of the hydrpgen by.
_ . i i F-related radicals and a decrease in hydrogen radical density
Figure 10 summarizes the relationship between roomy, niasma. The lower hydrogen coverage forms reactive sites
temperature Hall mobility and film thickness. The results ob-g .y a5 dangling bonds at the growth surface, making the
tained on(220) or (400 preferentially oriented poly-Si films g iayial-like subsequent film growth easier. In contrast, high
are also shown in the figure for comparison. The Hall Mo+, §r5gen coverage forms chemically inactive growth sur-
bility of the nc-Si:H increases with film thickness for thick- t5-es and also makes new nuclei formation at the growth
ness less than 50 nm and saturates a8 cm’-'/\(.sw'hen the  gurface easier because the deposition precursor diffusion
film thickness is greater than 50 nm. The initial increase Nength becomes longé?.This model agrees with the Raman
mobility is explained by the increases in crystalline fraction ggits; which suggested that new nuclei were formed at/near
and grain size, which e_nables_ carrier p_erCOIat_'O” transpoi,q growth surface during film growth. In addition, unlike the
path through the crystalline grains. For thinner films, carriergase of preferentially oriented poly-Si, where lateral grain
move through amorphous phases between the crystalling,wth is enhanced by the driving force to decrease orienta-
grains, re.s_ultlng in a low mobility. T_he activation energy of tion fluctuation' randomly oriented grains do not have a
Hall mobility at room temperature is almost constant at ayriying force for lateral grain growth after each grain is in
thickness less than 100 nm while it decreases with film thick.ontact with neighboring grains. Thus the grain size is deter-
ness at larger thickness@sg. 11), which supports this idea. ,ined by the nucleus density in the randomly oriented

It is interesting that Hall mobilities 0f220) or (400 ¢ _sj:H case. We conclude that this growth mechanism is

preferentially oriented films exhibit different behavior, i.e., .5sed by a high hydrogen mixing ratio and results in
they increase monotonously with film thickness. As Naka-gmaiier grain sizes.

hataet al. report, Hall mobility has a good correlation with
the lateral grain size measured by SEM and the later
growth in preferentially oriented poly-Si occurs togethe
with a decrease in orientation fluctuatiti?? Their results Figure 12 shows the schematic band diagram for thin
imply that the chemical bonding structure at the growth sur{<50 nm wuc-Si:H deduced from the Hall measurement re-
face affects the structure of the subsequently grown film. Irsults. From Figs. 10 and 11, we deduced that the percolation
contrast, it is thought that the growth of the randomly ori-through crystalline grains began at a film thickness~&0
enteduc-Si:H is not affected by the growth surface structurenm, suggesting that some crystalline grains were isolated by

?15. Single-electron charging effect
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S -2.6x10 [-0.20
FIG. 12. Schematic diagram of electronic states in 50-nm-timidipe « -10
uc-Si:H. AE; andAE,, indicate first energy levels formed due to carrier -2.8x10 7 _é _‘3 _i . 3 s
confinement in quantum dots. T, is almost zero for 5-nm-diam quan- .
tum dot (after Ref. 41. Gate bias / V

FIG. 14. Gate-bias current oscillation of the SET. Source-drain vol&gge
was swept from—-0.20 to—0.15 V with steps of 10 m\{Vys are indicated
thin amorphous phases from neighboring crystalline graingn the figure.
The Fermi level ina-Si:H depends on doping concentration,
defect density and amorphous network structure and the dop- . . , ) )
ant concentration is thought to be different in between Crysg;tttnbute these_osmllauons to different sized islands. Th_ese
talline grains and ira-Si:H. Thus it is difficult to estimate results are attributed to the Coulomb blockade effects in a

the band offset of the conduction band. However, the activa[nultiple-tunnel junction and multiple-islands system with

tion energy of the Hall mobility is-8.4 meV at room tem- differen't size islands. Si.nce the SET nanowire has a large
perature for 50 nm-thiclc-Si:H. This value decreases to 5 dimension of 60 nm width1 um length, the Coulomb
meV for thicker films, where the dominant carrier transportlockade characteristics are complicated and not distinct.
path is thought to be percolatin@ig. 11. Carrier density Furth_er study on the SET with smaller dimension has been
did not show obvious temperature dependence. Thus, wgngoing.

may think that the Fermi level is located very close to the

conduction band edge in crystalline grains and the band offlV. CONCLUSION

set of the conduction band is8.4 meV. This band offset We have studied the structural and transport properties
value corresponds to 97 K, which is high enough for carriery¢ ntype thin wc-Si:H prepared by low-temperature
confinement at 4.2 K. In addition, thec-Si:H contains  pgcyp. The film orientation changed from a random to a
small crystalline grains-3 nm in size. . (111) preferential orientation with film growth. The crystal-
These results indicate that films near 50 nm thicknesge grains grew in height and in diameter when the film
have either large conductivity or small crystalline grains iSo-thickness was less than 50 nm. The grain size did not change
lated by thin amorphous tissues with a wider band gap thageatly at larger film thicknesses. A large content of amor-
that of crystalline silicon. These features would be suitable tcbhous phasé~30%) remained in the 50-nm-thick film and
observe single-electron charging effects. Figure 13 shows thge crystalline fraction increased t6100% for the 1.074m-
source-drain current—voltage characteristics of a SET fabrigck film. The films contained crystalline grains with differ-
cated in a 30-nm-thickuc-Si:H film. It exhibits nonlinear gt sizes, and the smaller grain size wa® nm, suggesting

current-voltage characteristics with staircase-like structurgqst new nuclei were formed during the film growth due to
at 4.2 K(shown more clearly from the first derivativelhe large hydrogen mixing ratio.

average staircase period 1626 mV. Figure 14 shows the Electron mobility increased with increasing film thick-
current oscillations with respect to gate voltage. Oscillationg,ess at thickness up to 50 nm and saturated at larger film
with different periods are superimposed in the characteristiCgickness. This behavior was very different from those ob-
with periods of 30, 60, 200, 370, 490 and 800 mV. We Mayiained in preferentially oriented poly-Si films, which could
be related to the difference in the microstructure evolution
originated from different deposition condition and growth

ax10™ 4x10” surface structure. Hall effect measurements suggested that
< ax10™f the percolation threshold appeared at a thickness5ff nm.
g 2x10™°F 3x10” We speculate that some crystalline grains in films are iso-
B 1x10™ , ; lated by thin amorphous phases with a conduction band off-
£ 00 12x10° =& set of ~8.4 meV.
.E 0"1910' 5 A SET fabricated in the 30-nm-thickc-Si:H displayed
é -1x1010 P4 VsV ] 1x10” % Coulomb blockade effects and gate-bias current oscillations
2 -2x10 020V o0V at 4.2 K and we believe that the amorphous phases form
3x10™° 025V, L. 025V, ox10’ tunnel barriers for electrons in this device.
02 01 0 01 02 These results demonstrate that high crystallinity
Source-drain bias/ V wuc-Si:H can be prepared using PECVD at 300°C with a
FIG. 13. Source-draini-V characteristics and the first derivative Nigh hydrogen mixing ratio. We believe that this is a prom-
(dlgs/dVyg of the SET. TheV indicates gate-source bias voltage. ising material for future novel devices such as SETSs.
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