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Growth and Electrical Characteristics of Liquid-Phase
Deposited SiQ on Ge
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The liquid-phase depositiofi.PD) of SiO, at 50°C on Ge substrates is investigated. Silicic acid {Si8,0) is used to saturate
hydrofluorosilicic acid at 30°C and this shortens the time required for solution preparation to 3 h. The growth rate of LPD oxide
on Ge is much slower than that of LPD oxide on Si at the beginning of the deposition process, while surface roughness of LPD
oxide on Ge is larger than that of LPD oxide on Si. A metal-oxide-semiconductor tunneling diode on Ge is fabricated using the
LPD oxide. The tunneling current of the Ge diodes at inversion bias increases as LPD oxide thickness increases, indicating that the
trap density in the LPD oxide increases with increasing oxide thickness, and the current transport is dominated by the trap assistant
tunneling.
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Silicon dioxide (SiQ) is a most frequently used material in wafers were used in this experiment to compare the deposition rate
modern ultralarge scale integrat@dl SI) technology. To avoid dop-  of LPD oxide on both substrates. The native oxide was removed by
ant out-diffusion’? the low temperature oxide is often required to dipping the wafers in diluted HF solution before the LPD process.
reduce the thermal budget in device fabrication. Liquid-phase depoThe substrates were then placed in the immersing solution at 50°C
sition (LPD) has been investigated for the last decade to serve thidor different growth times. The substrates were then removed from
purpose. Due to the lack of reliable oxide on Ge, the metal-oxide-the solution and rinsed with deionized water. Oxide thickness was
semiconductotMOS) structure on Ge cannot be fabricated, and this measured by ellipsometry. Aluminum was evaporated on the LPD
has restricted the fabrication of some novel devices on Ge subeoxide as the gate electrode with various circular areas defined by
strates. The process of SiGe materials for Si/SiGe heterojunctiophotolithography, and the MOS tunneling structures were fabricated.
bipolar transistors and high speed strained Si field effect The solution for Al etching contains 4#0;, HNO;, CH;COOH,
transistor&® also demands low-temperature insulators to avoid ma-and HO in a ratio of 85:5:5:5. No damage to the device was found
terial degradation such as strain relaxation and Ge segregation. Th&ccording to our years’ experience. The device structure is shown in
low temperature LPD oxide on Ge can provide good insulators toFig. 1b.
facilitate device fabrication on the Ge substrate as well as on the Si The LPD oxide thicknesss. growth time on both Si and Ge
substrate with SiGe layers. LPD is a promising low-temperaturesubstrates is illustrated in Fig. 2a. The growth rate of LPD oxide on
process for Si@formation with the advantages of low thermal bud- Si substrates is much higher than that on Ge substrates, especially in
get, low cost, selective growth, and high throughpla simplified the initial 20 nm growth. After 20 nm, the growth rate of LPD oxide
mechanism of LPD growth was proposed originally by Nagayamaon Ge substrate increases, and the growth rate on Ge is similar to
et al®° based on the reaction of,8iFs with water to form hydro-  that on Si. The result indicates that at the very beginning of the

fluoric acid and solid Si® process, it is difficult for Si@ to nucleate on Ge substrate as
compared to Si substrate. But after 20 nm growth, the deposition
H,SiFs + 2H,0 = SIiO, + 6HF [1] process changes from Si@eposition on Ge substrate to Si@epo-

sition on SiQ, and the growth rate of LPD oxide on Ge substrate
Several LPD methods were reported. Hydrofluorosilicic acid starts to increase after initial 20 nm growth. Because the Si substrate

(H,SiFg) was first diluted with water to 2 M. Then silica powder IS Cleanfﬂ by HF dip, the surface is almost all terminated with

was added to this solution to saturate the solution for 16-20 h a,l;)ydroge : Re_OX|dat|on occurs if the surface is gxposed to water

30°C. After heating the solution to 50°C, boric acid60,) was ecause the Si-H bond on the surface can react with water molecules
. ) 36U3

dded t turate th luti ith Siol the i with certain time constant and is transformed to Si-OH. Further
added 1o supersaturate the solution wit ZS'. owever, the Ume 5 mmersion in hydrofluoric acid transforms the Si-OH back to Si-H.
for solution preparation was too long in this LPD process. LPD

The reactions are described as
oxide films were also obtained by adding Al or boric acid tgSHrg

solution saturated with sili¢dwith complicated chemical reactions. SiH + H,O < Si-OH + H, [2]
In this article we use LPD without Al or £#BO; addition, which was
similar to Ref. 11-13. The experimental flow diagram for the LPD SiOH + HF = SiF + H,O [3]
process is illustrated in Fig. 1a.

First, silicic acid (SiQ-xH,0) was added to hydrofluosilicic Siz-Si-F + 5HF = 3Si-H + H,SiFg [4]

acid (H,SiF;, 3 mol/L) at 35°C to replace the SiOpowder in a
conventional LPD process. Since the hydro@H) abounding in ~ When a substrate is immersed in$iF; solution, two competing
silicic acid makes it more soluble than Si@owder, the saturation reactions occur. One is the replacement of Si-H with Si-OH by water
time for the solution can be short. In our experiment, the solution(Eq. 2 and subsequent oxidation. The other reaction is the etching
stirred for 3 h is sufficient for applications. Next, the solution was of oxide by HF(Eq. 3 and 4. It has been reported that the modifi-
filtered to remove the undissolved silica, and a solution saturatedation of the surface from Si-H to Si-OH is the main mechanism for
with silica was obtained. 50 was then added to the saturated solu- the delay time in initial growtff. Therefore, we assumed that the
tion. The HO enabled the solution to become supersaturated withSame reactions occur on the Ge surface, and the difficulty of chang-
silicon oxide. Both 0.4Q cm n-type Ge and 1-8) cm n-type Si ing the Ge surface to form Ge-OH bond is responsible for the longer
delay time as compared to Si substrate, because the weak Ge-OH
bond can enhance the forward reaction of Eqg. 3. Note that there is
. . ! no obvious adhesive problem in our device process with LPD oxide
wox Eliﬁi{gﬁﬂiﬂ:ﬁi{ 28323 i@f{jﬁ”ﬁ,.“e”n‘ig‘ebf“ on Ge substrates. To further study the difference of the LPD oxide
Z E-mail: chee@cc.ee.ntu.edu.tw on Ge and Si substrates, the surface roughness of LPD oxide was
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Figure 3. |-V characteristics of Ge PMOS diodes with different oxide thick-

Figure 1. (a) Experimental flow diagram of the LPD proceg$b) The Al/ nesses prepared by LPD.

LPD oxide/n-type Ge MOS devices.

PMOS diode at inversion bias is determined by the mindfiyle)

measured. The surface roughness was measured by atomic for&€neration rate in the deep depletion region, because the tunneling
microscope(AFM). Figure 2b shows that the surface roughness offate through the LPD oxide via traps is sufficiently large at large
LPD oxide on Ge continues to increase as oxide thickness increase§€gative gate bias. The hole concentration at the oxide/Ge interface
However, the surface roughness is relatively constant for LPD oxidedf the PMOS diode is balanced by the thermal generation rate and
on Si substrate. This indicates that the initial nucleation of,gi@  (he tunneling rate through the oxide. As negative gate bias continues
Siis very dense and uniform, and this leads to a smooth morphology©® increase, the hole concentration at the oxide/Ge interface in-
during deposition. Therefore the surface roughness of LPD oxide orfréases slowly and oxide voltage also increases slightift pin-

Si is small and the roughness is relatively independent of oxideMng- Since the oxide voltage increases slightly with gate voltage,

thickness. However, the nucleation of $iGn Ge is not as uniform most gate voltage drops on Ge substrates to form deep (jepletion in
' ﬁe substrates. The oxide voltage also causes the tunneling of elec-

and dense as on Si. The coarse nucleation yields large island gro ; the Al gate electrode t ; G bstrate. H
before the overlapping between islands. This rough oxide surfac rons from the Al gate €lectrode 1o an n-type € substrate. However,
he soft pinning of oxide voltage at large negative gate bias restricts

can cause extra MOS device leakage. the further increase of the electron tunneling current, which is
LPQ%?(irge:/)’n-sggv‘ésiotc:]eescvvirtfrc]itiﬁ\:aorgi?%)géecrrﬁ(r:i?gsrfgscs%fepgi(i destrongly dependent on oxide voltage, and the total inversion current
. o gl e -~is relatively constant in log scale. In Fig. 3, the inversion current
roughness of each sample is also indicated in Fig. 3. Since the oxid creases with LPD oxide thickness. The mechanism that the thick
thickness is measured by ellipsometry, where the flat interface an i tes | ¢ G . i@erf d tes inter-
surface are assumed, the oxide thickness given here is only for ref2XI0€ generates large stress a eéSi_ rtace, and creates inter
face states may be responsible for this. These interface states gener-

erence. Note that the thickness of really rough oxide is not well ) ; .
. . . 4 ate excessive holes at the interface, and increase the leakage current
defined. The circular areas for all devices are 8.20™* cn?. For at the inversion bias

sufficiently large negative gate voltage at an inversion condition, the
gate current is relatively constant in the log scale. There are two
current components in this PMOS diode at inversion bidgigure 4 o
illustrates these two current transport mechanisms. Since the con A \
duction band discontinuity between Si and Ge is negligible,

the bandgap difference falls into the valence band discontinuity.
Therefore, the valence band barrier height in Fig. 4 is calculated as

5 eV, given a Ge bandgap of 0.66 &/The hole current of the Al

31eV
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Figure 4. The schematic diagram of inversion current mechanisms for a
(a) (b) PMOS diode. The dark current consists of thermal generated hole current
and electron current. Note that the conduction bandedge of Si and Ge are at
Figure 2. (a) LPD oxide thicknesys.growth time on Si and Ge substrates. the same position. Therefore most of the bandgap difference between Si and
(b) Surface roughnesss. LPD oxide thickness on Ge and Si substrates. Ge falls in the valence band discontinuity.
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quantitative value of interface states cannot be determined.

In conclusion, a low-temperature LPD process for St Ge
substrates was well developed. Silicic acid was used to saturate
hydrofluorosilicic acid and the time required for solution preparation
was only 3 h. At the beginning of the deposition process, the growth
rate for LPD oxide on Ge substrates was slow. The surface rough-
ness for LPD oxide on Ge was larger than that on Si substrates. The
inversion current increased with LPD oxide thickness because the
thick oxide generated a large stress at the Ge/Sierface, and
created interface states. This LPD process for oxide deposited on Ge
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Figure 5. |-V characteristics of two devices with RTO and LPD oxide.

can facilitate the integration of SiGe into the Si process.
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The current at an accumulation regigpositive gate voltage
shows similar magnitude for different oxide thicknesses. This
indicates the transport mechanism is trap-assistant tunnelings’
(Poole-Frenkel effegf®1°when the electrons tunnel from Si to Al
at positive gate bias. The tunneling rate through LPD oxide is not 4
thickness-dependent, because the trap in the oxide dominates th
tunneling rate through the oxide and the carriers can tunnel through™
oxide via the assistance of multiple traps. 6.

To further confirm our results, the MOS diodes with rapid ther-
mal oxide(RTO) and LPD oxide on Si were also investigated. Note
that no thermal oxide can be grown on Ge substrates. Figure 5
illustrates the -V characteristics of two these kinds of MOS diodes .
on Si substrates. The devices areas are320 4 cn?. The oxide

1.

7.

for the large inversion current as compared to devices with RTO18
oxide. Due to the large leakage current, low frequency capacitancerg’
voltage (C-V) and quasi-stati€-V cannot be measuréfi,and the 20.
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