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Enhanced Silicon Crystallization on Dielectric
Materials at Reduced Temperature

Kangjian Cheng, Jingyan Huang, and Wen Siang Lew, Senior Member, IEEE

Abstract— We report the demonstration of the crystallization
of amorphous arsenic and boron-doped silicon films on dielectric
substrates at reduced thermal budgets. The conventional
methods to form polycrystalline silicon generally require growth
temperatures of at least 600 °C, or high-temperature post-
annealing to transform the silicon structure from amorphous into
polycrystalline. Here, we show the formation of high-quality
polycrystalline silicon at temperatures between 500 °C and 550
°C, which helps to reduce the thermal budget strain on
heterojunction bipolar transistor devices. This advancement is
attained by selecting buffer layer materials and fine-tuning film
thickness. A notable increase in the film conductivity was
observed, with improvements of 66% and 1719% for arsenic and
boron-doped silicon films, respectively, compared to structured-
mixed silicon films. The crystalline nature of the films is
confirmed through top-view scanning electron microscopy
coupled with ImageJ software analysis, offering a rapid, inline
approach for crystal percentage quantification. Additionally,
cross-sectional transmission electron microscopy analyses verify
the complete film crystallization.

Index Terms—Crystalline area fraction, Front-End-of-Line
(FEOL), Heterojunction Bipolar Transistor (HBT), Low
temperature polysilicon (LTPS), Microcrystalline silicon

I. INTRODUCTION

HE demand for faster processing devices possesses

new challenges for the development of heterojunction

bipolar transistors (HBT). One critical requirement is
achieving a thinner base layer Wy to enhance the current
amplifying ratio f and reduce the base transit time 7z, leading
to a faster and more efficient device.
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A shallower pn-junction is more susceptible to thermally
induced dopant diffusion and dopant counter-doping, which
degrades device performance such as a lower breakdown
voltage. Therefore, it is crucial to reduce the process
temperature with more rigorous thermal budget control.
However, reducing the deposition temperature introduces a
new challenge of achieving silicon crystallization under such
conditions. In the deposition of undoped silicon using a low-
pressure chemical vapor deposition
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(LPCVD) technique, a temperature of approximately 600 °C
or aggressive post-annealing is required to form
polycrystalline silicon (p-Si), which is contradictory with the
thermal budget constraints [1], [2]. If the growth temperature
is below the critical point, silicon cannot easily nucleate and
crystallize, which often leads to an amorphous film (a-Si) or a
structural mixture of a-Si and p-Si, which has a higher film
resistivity and slows down the device. Though by in-situ
doping the critical temperature can be marginally lowered,
which is via the introduction of additional nucleation sites and
tensile stress in the film, the range of temperature is relatively
limited [3], [4], [5], [6]. Moreover, excess dopant
concentrations would suppress the nucleation process [7], [8].

There have been numerous studies that have focused on the
active region of Heterojunction Bipolar Transistors (HBT),
where silicon is grown epitaxially in an H» environment on
single-crystal silicon (c-Si) [2], [6], [9], [10], [11], [12], [13],
[14], [15], [16], [17]. However, there are very few studies that
address silicon formation on dielectric materials such as
silicon oxide and silicon nitride, which typically make up the
extrinsic base area. Despite the film being doped heavily, the
polycrystalline silicon regions are separated by amorphous
film where dopant elements are not activated. As a result, the
overall film resistance is high and affects the device
performance [7].

The temperature during semiconductor growth plays a crucial
role in determining the crystallization of silicon. When the
temperature exceeds 600 °C, silicon atoms gain enough energy to
surmount the activation energy barrier for crystallization, which
allows them to move on the wafer surface and form a well-
ordered, crystalline lattice structure. If a silicon film is deposited
on c-Si under optimal conditions, the atoms can align with the
underlying lattice structure, leading to the formation of a single-
crystal layer, or epitaxial growth. Conversely, if the silicon film is
deposited on dielectric materials, which possess random lattice
structures, the silicon atoms tend to form short-range crystalline
structures to minimize the overall energy of the system. However,
as the process temperature is lowered, which results in a reduction
in the kinetic energy of the silicon atoms, hindering their ability to
move and form ordered structures. Hence, crystalline formation
becomes increasingly challenging. At temperatures below a
certain critical threshold, the silicon may not crystallize as there is
insufficient thermal energy to overcome the barrier. In such cases,
silicon remains in an amorphous state, which is characterized by a
random arrangement of atoms, differing considerably from the
regular lattice structure seen in crystalline silicon. Amorphous
silicon exhibits distinct electrical properties, such as increased
resistivity [53], [54].

There are proposed remedies to form a polycrystalline
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silicon layer at reduced temperatures; however, these methods
are not suitable for the specific requirements of forming the
emitter and external base layers on a 40nm CMOS-HBT
platform. One such method, Metal-Induced Crystallization
(MIC), has the potential to lower the processing temperature
to approximately 400°C to 600°C [18], [19], [20], [21], [22].
Despite this advantage, MIC introduces the risk of metal
contamination during the front-end process, which can result
in device leakage current and reliability concern [23], [24],
[25]. Another alternative, Plasma Enhanced Chemical Vapor
Deposition (PECVD), offers significant temperature
reductions compared to Low Pressure Chemical Vapor
Deposition (LPCVD) [26], [27], [28]. Nonetheless, PECVD
would induce plasma damage to the underneath layer
extending up to ~50nm, which could severely damage the thin
base film in NPN devices, thereby compromising overall
device performance [26], [29], [30], [31], [32].

Another category of approach involves forming of
amorphous silicon at reduced process temperature, followed
by recrystallization. This technique is commonly employed in
the solar cell and Thin Film Transistor (TFT) industries
through Excimer Laser Annealing (ELA) [33], [34], [35], [36],
[37]. Nonetheless, the thickness of the recrystallization layer is
directly proportional to the laser power [38], [39], [40]. In
complex device structures, where amorphous silicon is present
on both flat surfaces and sidewall regions, there is a risk of
under-anneal or over-anneal (Fig. 1).

IC

Dielectric
insulator

I i ©X-Base

SiGe intrinsic base

N-type
Selectively
Implanted
Collector

N-type Sub-Collector

P-type substrate

Fig. 1. Schematic illustration of a Collector-Base-Emitter-Base-
Collector (CBEBC) Heterojunction Bipolar Transistor (HBT) NPN
device. The area highlighted in red are the region of interest for this
study.

Furthermore, it has been reported that the recrystallization
through ELA can result in a segregation coefficient of less
than unity and dopant pile up issue, which adversely affects
the doping profile of the base layer [41], [42]. Hydrogen and
other plasma surface treatments for recrystallization face
similar challenges of plasma-induced defects [43], [44], [45],
[46]. Also, the film after treatment is not fully crystallized and
subsequent long annealing process is required [43], [44].
Lastly, Solid Phase Crystallization (SPC) is an established
method for converting amorphous silicon into a crystalline
state [47], [48], [49]. However, SPC necessitates long
processing times of 10-72 hours at elevated temperatures more

than 600°C [50], [51], [52]. This substantial thermal budget
leads to undesirable dopant diffusion within the device, such
as arsenic migration from the emitter into the base layer, and
counter dope with boron.

Here, we demonstrate novel approaches for achieving
uniform polycrystalline silicon for both n-type silicon with
arsenic doping and p-type silicon with boron doping, while
keeping the thermal budget to a minimum. The processed film
exhibits a uniform structure with significantly reduced
resistivity, which addresses the key challenges in current HBT
fabrication processes, particularly those in the extrinsic base
area. This development paves the way for technological
advancements of HBT.

II. EXPERIMENTAL SETUP AND METHODS

A 50 nm arsenic-doped silicon (As-doped Si) was deposited
using an LPCVD technique, in which Si,Hs gas was used as
the silicon precursor, and AsH3 was introduced as an in-situ n-
type dopant with a final arsenic doping concentration of
1x10%° atoms/cm?. The deposition time was 100 seconds at a
process pressure of ~100 Torr. For the boron-doped silicon
(B-doped Si), a silicon thin film of 50~100 nm thickness was
synthesized using the similar LPCVD technique. The silicon
precursor employed was SiHs4, and BCl; was introduced as a
p-type dopant with a final boron doping concentration of
~1x10% atoms/cm?. The process was conducted at a constant
pressure of ~1 Torr. A comprehensive structural
characterization of the silicon films was conducted by using
scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). Standard four-point probe and
ellipsometry techniques were used to measure the sheet
resistance, thickness, and resistivity of the films.

Silicon deposited at low temperature (about 500 °C) has a
bi-phase layer consisting of isolated polycrystalline particles
dispersed on the smooth flat amorphous silicon matrix. The
polycrystalline particles appear whitish, while the amorphous
silicon matrix appears greyish. To quantify the proportion of
polysilicon, the image underwent analysis using Imagel
software (Fig. 2). By setting an appropriate brightness
threshold, polysilicon particles were selectively highlighted in
red. The highlighted regions were then selected using the
software's particle analysis function to obtain the area
percentage of ~41.6%. This provides a valuable method for
quantifying polysilicon content and evaluating the

effectiveness of different processing conditions.
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Fig. 2. (a) Top-view SEM image of B-doped Si, which exhibits a
mixture of polycrystalline islands embedded in an amorphous film;
(b) set suitable threshold value of brightness in ImageJ and highlight
polycrystalline regions in red color; (c) ImageJ could select and
calculate the area percentage of the highlighted region.
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III. IMPACT OF PROCESS TEMPERATURE

The effects of temperature on the crystallization of silicon
are shown in the TEM images of Fig. 3. The first row are
cross-sectional TEM images of arsenic-doped silicon
deposited on a silicon oxide layer at process temperatures of
500 °C, 550 °C, and 600 °C, respectively. At lower
temperatures, the As-doped Si layer is amorphous with a
uniform and smooth surface. As the temperature increases,
crystallization begins at random nucleation sites, as seen in
Fig. 3(b). This process leads to the emergence of
polycrystalline regions that protrude noticeably, thereby
changing the surface roughness. This increase in roughness is
confirmed by atomic force microscopy (AFM) measurements
in Fig. 4. Once crystallization completes, as depicted in Fig.
3(c), the roughness levels reduce again due to the uniformity
in the height of the polycrystalline regions. Additionally, as
shown in Fig. 5, the As-doped Si samples were subjected to X-
ray diffraction (XRD) analysis to further support these
observations. At lower deposition temperatures, the XRD
spectra do not display any distinct peaks, indicating the
amorphous nature of the material. However, as the process
temperature increases, characteristic silicon peaks, such as
(111) and (220) diffraction planes, begin to emerge,

confirming the transition to a crystalline structure.
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Fig. 3. Cross-section TEM images of As-doped Si deposited on
100nm silicon oxide at (a) 500 °C, (b) 550 °C and (c) 600 °C. The
film deposited at different temperatures exhibits (a) amorphous, (b)
mixture of a-Si and p-Si, and (c) fully polycrystalline structure,
respectively. Top view of SEM of boron-doped Si deposited on
silicon oxide at (d) 500 °C (e) 550 °C, and (f) 600 °C. The images
reveal that the area of poly-Si increases with higher deposition
temperature and eventually it saturates the whole film.

Similar analyses were performed on the boron-doped silicon
(B- doped Si). Fig. 3 (d)-(e) displays top-view SEM images of
B-doped Si deposited at 500 °C, 550 °C, and 600 °C.
Remarkably, the boron-doped Si exhibits a higher degree of
crystallization than the As-doped Si at the same temperatures.
This may be due to the higher diffusion coefficient and lower
epitaxial growth activation energy of boron, which can create
nucleation sites more easily [48]. The SEM images also reveal
the gradual evolution of the film, eventually becoming entirely
occupied with polycrystalline regions.
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Fig. 4. Surface roughness Ra (average roughness) and Rq (root mean
square roughness) at different deposition temperatures for As-doped
Si. (a) At 500 °C, the surface is smooth with low roughness due to
the amorphous nature of the film. (b) At 550 °C, the appearance of
polycrystalline structures causes the highest roughness ~11nm
observed. (c) At 600 °C, uniform crystallization leads to a smoother
surface with reduced roughness, indicating a more homogeneous film
thickness.
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Fig. 5. XRD patterns of As-doped Si across varying deposition
temperatures. At 500 °C, the absence of discernible peaks confirms
the film's amorphous state. At 550 °C, the emergence of faint silicon
peaks suggests the beginning of crystallization with a mix of
amorphous and polycrystalline structures. At 600 °C, pronounced
peaks indicate a transition to a predominantly crystalline silicon film.

The resistivity of the B-doped silicon films is significantly
affected by their temperature-dependent morphology as shown
in Fig. 6. At 500 °C, the presence of isolated polycrystalline
silicon islands within an amorphous silicon matrix resulted in
a resistivity of 127 mQ-cm. However, when these
polycrystalline regions become continuous, there is a
significant decrease in resistivity to 9.31 mQ-cm, indicating a
substantial improvement by a factor of approximately 13.5. It
is important to note that increasing the deposition temperature
beyond the optimal point has an adverse effect on boron
solubility, electrically active dopant and final charge carrier
concentration, which leads to an increase in resistivity (Fig. 7)
[55]. Therefore, for the in-situ boron-doped silicon, the
optimum deposition temperature is limited to 550 °C. Similar
temperature limitation is also observed for the arsenic-doped
Si.

At 500 °C, the film predominantly exhibits an amorphous
state, with boron dopants remaining inactive. The presence of
isolated polycrystalline islands at this temperature leads to a
high resistivity value of 127 mQ-cm. At 550 °C, a significant
change occurs as these polycrystalline regions begin to
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Fig. 6. Variation in film resistivity with deposition temperature in B-
doped Si. Film resistivity increased from 9.31 mQ-cm to 127 mQ-cm
when deposition temperature reduced from 550 °C to 500 °C.
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Fig. 7. Dopant concentration at different deposition temperatures for (a)
B-Doped Si film and (b) As-Doped Si film. With higher temperatures, the
dopant concentration decreases from 1E21 to 1E20 for and from 7E20 to
3E20 atom/cm?, respectively.
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Fig. 8. Cross-sectional TEM images of the As-doped Si on different
buffer layers. (a) 116nm Epitaxial growth is observed on HF-cleaned
single crystal Si-SiGe substrate; (b) 142.3nm Polycrystalline film is
observed on SiO: buffer layer; (c¢) 79.4nm Amorphous film is
observed on Si3N4 buffer layer.

interconnect, enhancing the film's conductivity and reducing
resistivity to 9.31 mQ-cm. Beyond 550 °C, a decrease in
boron dopant concentration is observed, which inversely
affects the film's resistivity, causing it to increase once again.

IV. IMPACT OF BUFFER LAYER ON AS-DOPED SILICON

In the silicon deposition process used in HBT devices, the
active device regions are exposed to single crystalline silicon.
Concurrently, dielectric materials such as silicon oxide and
silicon nitride are typically used as hard masks or spacer
layers, and the choice of dielectric buffer layer can impact the
crystallinity of the subsequently deposited silicon. This
phenomenon is observed through TEM when As-Si is
deposited on different substrates such as silicon, silicon oxide,
and silicon nitride. Fig. 8 shows the impact of the buffer layer

of silicon deposition under identical process conditions. A thin
SiGe layer is firstly grown to distinguish between the substrate
Si and subsequently epitaxy silicon cap. With a silicon buffer
layer treated with hydrofluoric acid (HF), the wafer surface is
free of foreign material and an epitaxial-like growth is
observed, resulting in the formation of a single-crystal silicon
layer, as shown in Fig. 8(a). However, when an amorphous
silicon oxide buffer layer is used, the deposited As-Si initially
exhibits an amorphous status as it has no existing crystalline
order. When film thickness reaches ~50 nm, the nucleation
and crystallization start at a random location, as shown in Fig.
8(b). In contrast, on the silicon nitride, the As-Si remains
amorphous even when it reaches 80 nm. This could be due to
silicon nitride having lower surface energy and considerable
film stress, leading to a pronounced suppression of nucleation,
culminating in the formation of an amorphous film. Silicon
oxide, which shares more similar thermal expansion

coefficients and other properties with silicon, moderately
inhibits nucleation, albeit not completely precluding it. This
partial suppression results in the emergence of island-like
polycrystalline structures interspersed within an amorphous
silicon matrix.
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Fig. 9. Cross-sectional TEM image of the As-doped Si on silicon
nitride, (a) before annealing and, (b) after annealing. (c) XRD
analysis of the As-doped Si on silicon nitride before and after
annealing.

Post-annealing is a common method used for recrystallizing
amorphous films. Rapid thermal annealing such as 5s at 1000
°C can lead to a complete transformation of the As-doped Si
film into a uniform polycrystalline layer, as confirmed by both
TEM and XRD measurements in Fig. 9. This process results in
a film resistivity of 1.10 mQ-cm on nitride layer, which is
about half of the resistivity obtained with a similar process on
the oxide layer (1.84 mQ-cm).

However, the ex-situ thermal annealing method applied to
B-doped Si on the SiO dielectric layer shows very little
change in term of recrystallization after thermal annealing.
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This may be due to the lack of the high free energy delta
between fully amorphous Si and polycrystalline Si films. In
addition, it requires a high thermal energy to break the existing
short-range ordered crystalline islands [20], [21]. Based on
these findings, it is suggested that using silicon nitride as
dielectric hard mask layer leads to a uniform and low
resistance subsequent As-doped Si film on dielectric materials.
After subsequent deposition, the film remains uniform
amorphous status. At downstream fabrication, a standard
CMOS source/drain activation annealing process will
automatically and effectively transform the arsenic-doped
silicon into a continuous polycrystalline layer, characterized
by enhanced uniformity and resistivity. Thus, no extra
annealing process is required, and the overall thermal budget
remains low.

V. IMPACT OF FILM THICKNESS ON B-DOPED SILICON

To achieve a uniform amorphous layer of B-doped Si,
different alternatives can be considered, such as reducing the
dopant concentration or lowering the processing temperature.
Nonetheless, these approaches have their limitations: reducing
the dopant concentration invariably increases the film's
resistivity due to a reduction in acceptor dopants, and lowering
the processing temperature can negatively impact productivity.
Consequently, it is more beneficial to pursue methods that can
directly form a uniform polycrystalline B-doped Si layer on
dielectric materials without significantly increasing the
thermal budget.

Our result reveals that nucleation commences midway
through the film, which is consistent with reported findings
[6], [56]. During the initial stages of film deposition, the thin
silicon layer on silicon oxide induces high levels of film stress,
which suppresses nucleation and leads to the formation of an
amorphous layer. However, as the film thickness increases,
newly deposited silicon atoms encounter an underlying layer
of amorphous silicon instead of the dielectric material,
mitigating the influence of buffer layer and initiating
nucleation. Higher thickness and void development also help
relieve in-film stress [14], [57], [58]. Additionally, cross-
sectional TEM analysis reveals that the polycrystalline silicon
adopts a cone-shaped morphology because of growth
following nucleation. This structure results in a larger
polycrystalline portion near the film's surface, which

eventually covers the entire surface area. As the film thickness
increases, not only does it promote the formation of new
polycrystalline layers, but it also facilitates the crystal
coalescence process of existing layers throughout the film.
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ig. 10. Top view TEM image of B-doped Si on silicon oxide with
different thicknesses. B-doped Si thickness increases from 500 A to
1000 A from (a) to (d), and the polycrystalline area percentage
increases from ~40% to 100%.
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Fig. 11. Film resistivity of B-doped Si is inversely proportional to
film thickness. At 2500 A thickness, the resistivity is only 0.2% of
the 650 A film, using the same process temperature and gas flow
setting.

Fig. 10 and Fig. 11 show a critical relationship between the
film thickness and the extent of polycrystalline regions in
silicon films. As the film thickness increases from 650 A to
2500 A, the measured resistivity decreases from 127 mQ-cm
to 0.254 mQ-cm. This is a significant observation because the
films were deposited at a reduced temperature of 500 °C,
which means that they require less thermal energy to achieve
low resistivity. This is an exciting enhancement from the
previous lowest recorded resistivity value of 7.42 mQ-cm at
550 °C. In addition, when compared to a film of 1100 A
thickness deposited at 500 °C, which is a twofold increase in
thickness relative to our previous 670 A standard, a 17-fold
improvement in resistivity is observed. Furthermore, the
influence of the extrinsic base area film thickness on device
performance is secondary to that of film width. Thicker films
facilitate a broader horizontal conduit for charge carriers,
which enhances transport from the intrinsic base to the contact
region. Nonetheless, this underscores the importance of a
balanced approach in overall device structure design.
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Fig. 12. (a) Percentage of polycrystalline area at different B-doped Si
thickness, with 5 min in-situ annealing in nitrogen environment; (b)
polycrystalline percentage for a 500 A B-doped Si, with different
annealing time in nitrogen environment.

To verify whether this higher percentage is due to the
thermal budget or the film thickness, an in-situ N, annealing is
conducted on B-doped Si with the same thickness. Fig. 12(b)
shows that for boron-doped Si films with a thickness of 500 A,
the polycrystalline percentage reached a saturation point at
~65% after annealing for 120 mins, while increasing the film
thickness to 1000 A only required an additional 10 mins of
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deposition time, as shown in Fig. 12(a). Hence, it is concluded
that the higher polycrystalline percentage is primarily due to
larger film thickness. In summary, augmenting the thickness
of the boron film emerges as a straightforward and effective
technique for fabricating a uniform polycrystalline B-doped Si
layer, with minimal adverse effects.

VI. CONCLUSION

In conclusion, we have demonstrated a novel method for
reduced-temperature growth of polycrystalline silicon films on
dielectric materials, specifically for the development of
advanced HBT devices. Uniform polycrystalline films are
obtained for both n-type As-doped Si and p-type B-doped Si
by optimizing the dielectric buffer layer and film thickness,
adhering to a minimal thermal budget. This demonstrated
growth technique has the potential to enhance the performance
of HBT devices and contribute to the advancement of
semiconductor device technology.
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