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Abstract 
Single-crystal silicon thin films on glass (SOG) and 
on fused-quartz (SOQ) were prepared using wafer 
bonding and hydrogen-induced layer transfer. Thin-
film transistors (TFTs) were subsequently fabricated. 
The high-temperature processed SOQ TFTs show 
better device performance than the low-temperature 
processed SOG TFTs. Tensile and compressive strain 
was measured respectively on SOQ and SOG. 
Consistent with the tensile strain, enhanced electron 
effective mobility was measured on the SOQ TFTs. 
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1. Introduction 

Electro-optical systems requiring transparent 
substrates, such as active-matrix flat-panel displays 
for personal digital assistant, digital camera and 
mobile phone, etc. are currently realized using thin-
film electronic devices built on amorphous or 
polycrystalline semiconductor, such as silicon (Si). 
The performance of these systems, measured in terms 
of speed, power consumption, resolution and level of 
integration could be greatly enhanced if thin films of 
single-crystalline material were available. However, it 
is difficult to form single-crystalline silicon (c-Si) 
directly on amorphous transparent substrates using 
conventional deposition techniques. 
 

Wafer bonding is an effective method for 
integrating materials with different crystal structures 
[1-11]. Offering both process simplicity and better 
film uniformity, hydrogen-induced “ion-cutting” [7-
11] is a powerful technique for the subsequent transfer 
of the c-Si film. Applications to both c-Si on glass 
(SOG) [1-3] and on quartz (SOQ) [4-9] have been 
reported. SOQ offers potentially the best device 
performance, because of its compatibility with high 

temperature processing. However, the large difference 
between the coefficients of thermal expansion (CTE) 
of Si and fused quartz complicates the bonding and 
film transfer process.  

 
Preparation of SOG and SOQ is presently reported. 

After the bonding of hydrogen-implanted Si wafers to 
glass or quartz substrates, thin films of Si were 
thermally exfoliated and transferred to glass but 
mechanical exfoliated and transferred to quartz. Thin-
film transistors (TFTs) subsequently fabricated on 
these substrates were characterized. The respective 
highest processing temperatures for the SOG and 
SOQ TFTs were 620˚C and 1000˚C. 
 
2. SOG and SOQ Preparation  

Shown in Figure 1 is the schematic illustration of 
the wafer bonding and c-Si film transfer process. 
 

 
Figure 1. Schematics of the layer-transfer process. 

 
P-type, 1-2Ωcm, (100)-oriented and hydrogen-

implanted Si wafers were used as the starting 
substrates. Prior to wafer bonding and accompanied 
by the corresponding Si wafers, glass and quartz 
wafers were treated respectively in an oxygen or 
argon plasma. Bonded pairs were subsequently 

H2
+

Bonding Surfaces 

Silicon

Transparent Substrate

Silicon

Silicon

Silicon

Exfoliated Silicon

Transparent Substrate

Transparent Substrate



38.1 / M. Wong 

1104 •  IMID ’05  DIGEST 

annealed at 250˚C to increase the bonding strength. 
Due to the significant difference between the CTEs of 
quartz and Si, a more gradual temperature ramp to 
reach the annealing temperature was selected for SOQ. 
SOG was obtained by thermally-induced exfoliation 
at ~450oC. SOQ was obtained by blade-assisted, 
mechanically-induced exfoliation at room temperature. 
The as-transferred SOG and SOQ are shown in Figure 
2.  

 

 
Figure 2. As-transferred SOG and SOQ wafers. 
 
Shown in Figure 3 are micrographs of the SOG 

bonding interface obtained using cross-sectional 
transmission-electron microscopy (XTEM). Crystal 
defects can be observed on the exfoliated surface.  

 
Chemical-mechanical polishing was carried out to 

remove surface defects and reduce roughness. In order 
to recover the original p-type conductivity of the Si 
wafers [11] and to further enhance the bonding 
strength, the substrates were annealed in nitrogen. The 
thermal schedule for SOQ was 600˚C for 60 minutes 
followed by 1000˚C for 60 minutes; that for SOG was 
630˚C for 100 hours. The extended annealing time 
was applied to SOG to reduce substrate deformation 
during device fabrication by “pre-shrinking” the glass. 
For SOQ, an additional thermal oxidation was 
performed to adjust the Si film thickness. The final 
thickness of SOG and SOQ is ~130-150nm and 
~100nm, respectively. 

 
Figure 3. XTEM micrograph of bonding interface 

and exfoliated surface. 
 
3. Device Fabrication 

The device fabrication flow is outlined in Figure 4. 
The process started with a phosphorous implantation 
to define the n-well regions where the p-type devices 
would be built. The respective gate dielectric was 
low-pressure chemical vapor deposited (LPCVD) low 
temperature oxide (LTO) at 420˚C and thermally-
grown oxide at 950˚C for SOG and SOQ TFTs. The 
respective dopant activation schedules were 550˚C for 
8 hours and 900˚C for 1.5 hours for SOG and SOQ 
TFTs. 

 
Figure 4. The device fabrication flow of SOG and 

SOQ TFTs. 
 

4. Device Characterization 
4.1 SOG TFTs 

Measured drain current (Id)-gate voltage (Vg) 
transfer characteristics of SOG TFT with channel 
width (W):length (L) ratio of 9.2µm:9.4µm are shown 
in Figure 5 for drain voltage (Vd) of 0.1V and 3V. µFE 
is the field-effect mobility extracted at the points of 
maximum trans-conductance, S is the sub-threshold 
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swing and the subscripts “n” and “p” of the 
parameters refer to n- and p-type TFTs, respectively. 
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Figure 5. Transfer characteristics of n- and p-type 

SOG TFTs. 
 

Shown in Figure 6 are the Id-Vd output 
characteristics. At the same gate drive, Id of an n-type 
TFT is 2 times greater than that of a p-type TFT. At 
high Vg and Vd, a negative differential resistance 
regime was observed for the n-type SOG TFT. This 
can be attributed to self-heating effect due to the 
significantly lower thermal conductivity of glass 
(~1W/mK) compared to Si (148W/mK). 
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Figure 6. Output characteristics of n- and p-type 

SOG TFTs. 
 
4.2 SOQ TFTs 

Representative Id-Vg curves for SOQ TFTs are 
plotted in Figure 7. As expected for TFTs built on 
fully insulating substrates, S values are close to the 
ideal room-temperature value of ~60mV/dec. The µFEn 

compares favorably to an electron µFE of 720cm2/Vs 
for a TFT built on SOQ prepared using the bonding 
and etch-back technique [5]. The most likely reason 
for the higher electron µFE is the different technique of 
layer transfer adopted in the present work.  
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Figure 7. Transfer characteristics of n- and p-type 

SOQ TFTs. 
 

Shown in Figure 8 are the Id-Vd output 
characteristics. At the same gate drive, Id of an n-type 
TFT is greater than 3 times that of a p-type TFT. At 
high Vg and Vd, self-heating effect was also observed 
for n-type device. It can be reduced by using pulsed 
Vd measurement. 
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Figure 8. Output characteristics of n- and p-type 

SOQ TFTs. Pulsed Vd measurement was done with 
a pulse width of 0.5ms and a period of 1s. 

4.3 Comparison between the SOG and SOQ 
TFTs 
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The major process/device difference between the 
SOG and SOQ TFTs are listed in Table I for reference. 
 

Table I: Process/device parameters. 

 Gate dielectric Dopant       
activation 

Highest 
temperature

SOG ~86nm (LTO) 550˚C, 8hrs 620˚C 

SOQ ~28nm      
(Thermal oxide) 900˚C, 1.5hrs 1000˚C 

 
The statistics of the measured electrical parameters 

are summarized and compared in Table II (a) and (b) 
for SOG and SOQ TFTs, respectively. Rs and Rc are 
the sheet and contact resistance of the source/drain 
regions. VT is the linearly extrapolated threshold 
voltage. ILeak is the minimum Id. All of these 
parameters were extracted from the Id-Vg transfer 
characteristics at |Vd|=0.1V. 
 
Table II: Summary of electrical characteristics of 

(a) SOG and (b) SOQ TFTs. 
(a) 

 n-type p-type 

 Average Standard 
Deviation Average Standard 

Deviation
Rs (Ω) 103 30 1004 31 

Rc (Ωcm2) 3.2×10-6 1.6×10-6 2.5×10-6 1.3×10-6

µFE (cm2/Vs) 416 17 191 10 
VT (V) -2.26 0.36 -4.16 0.16 

S (mV/Dec) ~130 9 ~175 16 
ILeak (fA/µm) <18 n/a <23 n/a 

 
(b) 

 n-type p-type 

 Average Standard 
Deviation Average Standard 

Deviation
Rs (Ω) 102 8 198 12 

Rc (Ωcm2) 0.7×10-6 3×10-8 1.3×10-6 4×10-8 
µFE (cm2/Vs) 1060 49 220 12 

VT (V) -0.17 0.05 -0.23 0.05 
S (mV/Dec) ~73 3 ~65 3 
ILeak (fA/µm) <10 n/a <6 n/a 
 

The negative VT measured for the n-type TFTs 
possibly resulted from a combination of positive 

charge in the gate dielectric and low channel doping 
concentration. The µFE of both n- and p-type SOG 
TFTs are smaller, while S and |VT| are larger than the 
corresponding values of SOQ TFTs. These can be 
attributed respectively to their inferior LTO/Si 
interface and relatively thicker gate dielectric. The 
SOQ TFTs shows more tightly distributed and smaller 
Rs and Rc. This can be attributed to the relatively more 
uniform and effective dopant activation resulting from 
the higher annealing temperature. 

 
The vertical effective electric field (EEffn) 

dependence of electron effective mobility (µEffn) for 
both SOG and SOQ n-type TFTs are plotted in Figure 
9. For SOQ TFT, the low-field µEffn is 1072cm2/Vs 
and about ~35% higher than that extracted from 
reported universal µEff curve [12], which is also 
plotted in Figure 9 for reference. 
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Figure 9. Dependence of µEffn on EEffn. Shown in 

the Inset is the normalized micro-Raman 
spectrograms of SOG, SOQ and strain-free p-type 

bulk Si with a similar doping concentration of 
1015/cm3. 

 
With increasing EEffn, µEffn decreases faster than the 

trend exhibited by the corresponding universal 
mobility curve. One likely reason is enhanced 
interfacial scattering due to the relatively rougher 
surface of the SOQ [13]. For SOG TFT, the low-field 
µEffn is ~400cm2/Vs and is about 50% of that extracted 
from universal µEff curve. The smaller µEffn of SOG 
TFT can be partly attributed to inferior LTO/Si 
interface. 
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Raman spectroscopy was performed after device 
fabrication. Shown in the Inset of Figure 9 are the 
Raman spectrograms of a strain-free p-type bulk Si 
and in the channel regions of SOG and SOQ TFTs. 
The peaks of the Raman shift increase in the order of 
SOQ (518cm-1), stress-free Si (520cm-1) and SOG 
(521cm-1). This is consistent with compressive 
(~0.12%) and tensile (~0.24%) strain in SOG and 
SOQ [14], respectively. The µEffn enhancement of 
SOQ TFT is believed to be caused by the tensile strain, 
possibly originating from the significant difference 
between the CTEs of Si and quartz. The µEffn 
enhancement ratio is consistent with that reported 
previously [15]. The compressive strain, possibly 
caused glass shrinkage during the extended annealing, 
should also contribute partly to the reduction in µEffn 
of an SOG TFT. 
 
5. Conclusion 

Single-crystalline silicon on glass and fused-quartz 
substrates was prepared using wafer bonding and 
hydrogen-induced layer transfer. Thin-film transistors 
were subsequently fabricated on the resulting 
transferred silicon films and characterized. The high 
temperature processed devices on quartz exhibit 
superior device performance compared to low-
temperature processed devices on glass. Compressive 
and tensile strain was respectively found in thin-film 
silicon on glass and on quartz. Enhanced effective 
electron mobility was found in the thin-film 
transistors built on the latter, consistent with the 
tensile strain. 
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