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a b s t r a c t

Low temperature direct wafer bonding is a promising technology for microelectromechanical systems
(MEMS), sensors as well as silicon-on-insulator (SOI) materials. The bond quality is closely related to
the wafer-bow, surface adhere energy and nanoscale surface topography. Effective surface activation and
nanoscale surface topography evaluation is critical for the bonding process. For the low temperature
silicon wafer direct bonding process with ultra violet (UV) light activation, surface nanoscale topography
eywords:
ow temperature wafer bonding
anoscale surface roughness
earing ratio
oot-mean-square

is modified and characterized before and after UV irradiation by the control of irradiation duration. The
measured data of nanoscale topography by atomic force microscope (AFM) is evaluated by both bearing
ratio and root-mean-square (RMS) approaches, from which the results are then correlated with the bond
strength to understand the bonding process. It is shown that the bear ratio approach is more suitable
for characterizing the surface roughness and optimizing the bonding process through the control of UV
irradiation duration. The approach is also applicable to a wide variety of low temperature wafer bonding

ughne
V activation process where surface ro

. Introduction

During low temperature direct wafer bonding two polished and
lean wafer surfaces are brought into direct contact at room temper-
ture and then annealed at temperature below 300 ◦C [1]. Since low
emperature direct wafer bonding can create a strong connection
etween silicon and other semiconductor without high tempera-
ure, it has been attractive to a variety of applications where high
emperature annealing is prohibited [2–4]. Low temperature bond-
ng strength is closely dependent on multiple factors, including
afer-bow, surface adhere energy and surface roughness, which
ave characteristic length scales ranging from sub nanometer to
undreds of millimeters. Wafer-bow is the deformation of the wafer
t large scale. It always blocks the two wafers from making close
ontact and causes inner stress. Such mechanical defects can be
educed or eliminated by improving original wafers’ quality and
pplying proper load to wafer pairs [5].

Surface adhere energy can be improved by wafer surface pre-

reat before the wafer bonding, such as the modification of the
afer surfaces either due to an increasing hydrophilicity, which

ncreases the number of hydrogen bonds via the interface, or due
o the generation of new types of chemical bonds stable already

∗ Corresponding author. Tel.: +86 2787792241; fax: +86 2787792413.
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© 2009 Elsevier B.V. All rights reserved.

at low temperatures. Tong et al. treated the silicon wafer surface
in the HNO3/H2O/HF or the HNO3/HF solution prior to room tem-
perature contact. The bonding energy is significantly improved [6].
Ljungberg et al. [7] used H2SO4/H2O2/HF and HNO3/HF to modified
silicon surface prior to wafer bonding to get high bonding strength
at room temperature. Other chemicals such as NH3 and HF acid have
also been tried for low temperature bonding [8–11]. However, the
wet chemical-activated process involves difficult process control
and the interfacial mechanical strength is hard to reach that of bulk
silicon which may prohibit its wide applications. Another way to
enhance bonding strength is through “dry” plasma or UV radiation.
By applying plasma treatment to the wafer surface, prior to bonding
the surface chemistry can be tailored in order to obtain maximum
bond strength for low temperature thermal annealing [12–14].
However, the approach will require very costly irradiation source
and bonding quality is also hard to meet the process requirements
since long irradiation duration may roughen the wafer surface in
order to get strong bonding. To treat the surface with UV expo-
sure prior to conventional direct wafer bonding can also improve
bonding strength significantly under low temperature, which was
reported recently [15]. Dang et al. [16,17] investigated the effect of
pre-treating hydrophobic and hydrophilic silicon wafers with UV

at various temperatures prior to wafer bonding, and found that
using short wave length UV as an activation treatment resulted in
the highest bond strength. Their work showed UV activation could
be a low cost approach for low temperature wafer direct bonding.
However, more work still needs to be continued to understand the

http://www.sciencedirect.com/science/journal/09244247
http://www.elsevier.com/locate/sna
mailto:zirong@mail.hust.edu.cn
dx.doi.org/10.1016/j.sna.2009.01.023
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the surface has the depth between z and z + dz. Assuming that the
contact area at the nanoscale is considered to be the area enough
to be the interface to contribute to the attractive force between
the wafers, the bearing ratio can be used to evaluate the bonding
strength, which is discussed later in this paper.
2 Z. Tang et al. / Sensors and

rocess, for instance, how UV exposure affects the surface nanoscale
opography of wafers and how surface topography affects bond
uality.

While surface adhere energy is mainly determined by the sur-
ace chemistry which can be modified through surface treatment,
he interfacial surface roughness at the nanoscale plays a signif-
cant role and interacts strongly with chemical effects. Previous

ork has reported that the bond quality declines with increasing
urface roughness, however, the surface roughness with radii of
urvature was mainly analyzed in the order of micrometers. Gui et
l. [18] observed that RMS roughness was limited in the evaluation
f wafer bondability in terms of surface roughness and introduced
n adhesion parameter, which includes both the mechanical and
hemical properties of the wafer surface to evaluate the bondability
f wafers. While Turner et al. [19] investigated the effect of surface
oughness at the nanoscale with different morphologies achieved
sing a buffered oxide etch (BOE) and a combination of KOH and
OE. They also concluded that bearing ratio was a useful measure
f nanoscale surface topography.

The objective of this work is to relate the surface roughness at the
anoscale to bond quality of UV-activated bonding process. Exper-

ments of low temperature wafer bonding with UV activation of
ifferent duration are conducted and the surface nanoscale topog-
aphy is measured by AFM after each treatment. Standard RMS and
earing ratio approaches are used to characterize the wafer surface
opography and highlight the correlation between the bearing ratio
nd bonding strength to understand the UV-activated process.

. Modeling of wafer surface roughness

Standard surface roughness can be described as the deviation
n the height of the surface relative to a reference plane. One of
he most commonly used parameters to characterize the surface
oughness is the standard deviation, which is expressed as

2 = 1
L

∫ L

0

(z − m)2 dx (1)

here z(x) is the height, L is the sampling length of the profile, and
is the mean height which is expressed as

= 1
L

∫ L

0

z dx (2)

hen the mean height is set to reference,

q = RMS =

√
1
L

∫ L

0

z2 dx = � (3)

However, the standard deviation or RMS roughness does not
ecessarily provide sufficient information about the surface topog-
aphy to investigate the process of bonding a pair of wafers. For
xample, Fig. 1 shows two surfaces with identical standard devi-
tion. Surface is obviously easier for direct bonding Fig. 1(b) than
ig. 1(a), since it offers a far larger direct contact area.

Surface roughness is generally represented in terms of statisti-
al deviation from average height. When the surface chemistry is
dentical, it is generally assumed that the bond strength is propor-
ional to the real area of contact. In Fig. 2, each of the small squares
epresents a pixel of the scanned surface, and defining the highest
eak of the asperity as zero, z(x, y) as a depth at the position (x, y),
nd the threshold depth as zc, the real area of contact Ac can be

xpressed as

c =
∫ ∫

f [zc − z(x, y)] dx dy (4)

here f(u) = 1 if u ≥ 0; f(u) = 0 if u ≤ 0.
Fig. 1. Schematic of the two surfaces with identical root-mean-square (RMS) rough-
ness, surface (a) is easier to bond to a flat surface than surface (b).

Bearing ratio is another approach to specify the quality of sur-
face topography, which reveals how much of a surface lies above or
below a given height. It is defined as being the area lying above a
given depth referred to as the bearing depth to the whole sampling
area. Fig. 2 also shows how bearing ratio analysis gets informa-
tion at various Z heights. At Z height “a”, virtually the whole
surface is included (corresponding to a bearing ratio of 100% of
the area). At Z height of “b”, “c” and “d”, the bearing ratio is much
decreased.

A map of the nominal bearing area for a silicon wafer surface
with different bearing ratio is shown in Fig. 3, where Fig. 3(a) rep-
resenting 90% of bearing ratio at bearing depth of 1.2 nm, Fig. 3(b)
representing 70% of bearing ratio at bearing depth of 1.1 nm, Fig. 3(c)
representing 40% of bearing ratio at bearing depth of 0.8 nm,
Fig. 3(d) representing the bearing ratio of 17% at bearing depth 0.5,
and the top peak is set to zero. When the bearing depth equals the
threshold depth zc, the bearing ratio is equivalent to the ratio of
the real area of contact to the sampling area Ac/A0. Supposing that
the depth distribution is known, the bearing ratio can be expressed
as

Br =
∫ zc

0

p(z) dz (5)

where zc is the bearing depth and p(z) dz is the probability that
Fig. 2. Concept of bearing ratio, where darker area is assumed to be bearing area.
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Fig. 3. Bearing ratio is the ratio of bearing area lying above a given bearing depth to the w
1.1 nm; (c) 40%, bearing depth of 0.8 nm; (d) 17%, bearing depth of 0.5 nm; and the top pe

F
i

3

U
8
i
t
m
c

group of samples was treated without UV exposure. The light
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ig. 4. Experimental setup and process flow for low temperature silicon wafer bond-
ng with UV activation.

. Bonding experiments

The schematic setup of the experiment is shown in Fig. 4. The
V light source applied in the experiment contains approximately
5% 254 nm wavelength irradiation and 15% 185 nm wavelength
rradiation with UV intensity of 15 mW/cm2. During exposure, the
emperature of the surface of the low pressure mercury lamp was

aintained at 90 ◦C to ensure the maximum output. Commer-
ially available 2 in., P type, (1 1 1) silicon wafers with thickness

able 1
ond strength of wafers for different exposure duration.

xposure time (min) 0 5
ond strength (MPa) 4.2 ± 0.2 10.3 ± 0.5
hole sampling surface: (a) 90%, bearing depth of 1.2 nm; (b) 70%, bearing depth of
ak set at zero.

of 380 �m were used for bonding. The whole process is shown as
follows:

(1) All sample wafers were cleaned by acetone in supersonic
cleaner for 20 min, which contributed in removing most organic
contaminations. After that, deionized (DI) water was used to
flush the surface.

(2) Boil the wafers in mixture of sulfuric acid and hydrogen perox-
ide (H2SO4:H2O2 = 2:1) called SPM for 20 min. This process was
to eliminate metal particle contaminations effectively and ren-
dered the wafer surface hydrophilically. Flushing process using
DI water was also employed after this process.

(3) RCA solution which was composed of
H2O:30%H2O2:28%NH4OH (5:1:1 by volume) was used to
treat the surface. After immersing the wafers in the solution
for 15–20 min under 40 ◦C, the surfaces were rendered highly
hydrophilically. This process was also followed by DI washing.

(4) Then a spin dryer was used to remove the water for 3 min under
3500 rpm for each wafer.

(5) As the follow-up process, UV exposure was applied under atmo-
sphere to all sample wafers for different duration while one
source produced UV irradiation with the surface intensity of
15 mW/cm2 at the distance of 5 mm where the sample wafers
were placed. The exposure duration were selected for 5, 10, 15,
and 20 min.

10 15 20
6.9 ± 0.4 6.5 ± 0.4 5.2 ± 0.2
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ig. 5. IR bonding image of bonded wafers for UV irradiation with (a) and without
V irradiation, (b) 5 min, (c) 10 min, (d) 15 min, and (e) 20 min.

6) For each group, wafers were brought into contact after wet
chemical treatment and UV exposure, except the samples which
were used for Atomic Force Microscope (AFM) measurements.
Bonding wave was initiated when pressing the center of each
wafer pair slightly and it could spread the whole surface to finish
spontaneous bonding. After that, they were placed in hot plate
to perform annealing under 150 ◦C for 4 h without any external
pressure.

. Results and discussion

.1. Bond quality characterization

Fig. 5 shows the typical infrared (IR) images of bonded wafers
or without and with UV irradiation for 5, 10, 15, and 20 min, and
t also shows that UV irradiation of around 5 min achieved the best
ond uniformity, while too long irradiation may lead to interfacial
efects. The bond strength was also measured by the single axis
tretch test. For each group of wafer couple, 20 samples were tested
n the pull testing. The test results were included in Table 1, where

n average data was presented with standard deviation. From the
able, UV exposure for 5 min rendered the highest bond strength
around 10.3 MPa) which is equal to that of bulk silicon as illustrated
n Fig. 6, which shows the fractured 3-dimensional surface of bulk
ilicon for sample after the pulling test. We can see that UV light

Fig. 6. Fractured surfaces after pulling test of the
Fig. 7. Surface images by AFM of the sample wafers and the wafers irradiated by UV
for (a) without UV irradiation, (b) 5 min, (c) 10 min, (d) 15 min, and (e) 20 min.

irradiation can increase the bond strength, while too long exposure
duration will not increase the bond strength.

4.2. Surface topography with UV modification

In order to understand the effects of UV exposure on silicon sam-
ple surface roughness, the surface roughness of silicon sample was
monitored during bonding process before and after UV irradiation.
AFM was implemented to get the surface nanoscale topography.
Fig. 7 is the comparison of AFM image before and after UV irradi-
ation. The UV irradiation duration was controlled for 5, 10, 15, and
20 min. The deterioration of surface quality is clearly observed after

longer UV irradiation exposure.

Based on the data obtained from AFM measurements presented
as the depth distribution of silicon wafer surface, the height dis-
tribution of surface topography was statistically obtained. Fig. 8(a)
shows the typical curve for height distribution of sample surface

bond sample (a) and (b) enlarged by 200×.
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Fig. 9. RMS and Ra of the sample surface with respect to the UV light irradiation
duration.

bearing ratio characterization will help to optimize the bonding
process.

Table 2
Z displacement under different surface treatment (95% bearing ratio).

UV irradiation Bearing ratio Displacement in Z (nm)
Fig. 8. The height distribution (a) before and (b) after the UV exposure.

efore UV treatment, Fig. 8(b) plots the height distribution after
min UV treatment, where the dots have a close correlation with

he Gaussian distribution.
Based on the height distribution, surface roughness was

nalyzed and compared with different UV exposure durations. Fol-
owing previous modeling of surface characterization, RMS and
earing ratio approach were applied to interpret the surface topog-
aphy. Fig. 9 depicts surface roughness RMS and Ra of samples with
espect to the UV light irradiation for 5, 10, 15, and 20 min; it shows
hat the RMS and Ra increase as the irradiation duration increases.

Then bearing ratio approach was also applied to analyze the
ample surface. Fig. 10 shows bearing ratio curve of the sample
afers with respect to the UV irradiation for 5, 10, 15, and 20 min,

espectively.
At the bearing ratio of 95%, the Z displacement (corresponding

o height of surface topography) increases as the UV light exposure
uration increases. As shown in Table 2, the surface irradiated by
V light for 5 min got at least Z displacement at the same above
earing ratio, which corresponds to the highest bond strength. So
afers irradiated by UV for 5 min are supposed to be most easily to
ond theoretically, which corresponds to the highest bond strength.
Based on the data provided in Table 1, UV exposure to wafer sam-
les will increase bond strength, and the highest was achieved for
he duration of 5 min. An explanation for the experiment results is
hat UV light activation treatment is thought to increase the number
f hydroxyl groups and achieve a high quality bond. But the bond
Fig. 10. Bearing ratio curve of the sample wafers with respect to the UV irradiation
for 0, 5, 10, 15, and 20 min, respectively.

strength is not increased as extending of the exposure time because
the UV light can modify the silicon wafer surface and change the
topography of the wafer surface. The high energy light may cause
many voids in the silicon surface and increase the surface roughness
at nanoscale. Through the bearing ratio analysis of surface topogra-
phy, short time exposure (5 min) will improve wafer surface quality,
which corresponds to the highest bond strength by the bonding
strength experiment. Therefore, control of surface roughness with
Without UV 94.987% 1.139
UV 05 min 94.989% 1.012
UV 10 min 95.241% 1.246
UV 15 min 94.891% 1.340
UV 20 min 95.070% 1.404
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. Conclusions

The effect of surface roughness at the nanoscale on direct wafer
onding with UV activation has been investigated. Nanoscale sur-
ace topography of wafer surface was obtained with AFM under
ifferent UV treatment duration. The surfaces of treated wafers
ere characterized by both RMS and the bearing ratio. The treated
afers were bonded and the bonded wafers were tested with the

ingle axis stretch machine to get bond strength, which was shown
o be a strong function of the surface topography. The wafers which
ere activated by UV light for 5 min get the highest bond strength.

t revealed that control of exposure time is critical for the pro-
ess since longer exposure time may deteriorate the wafer surface
oughness. The good correlation between the bond strength and the
earing ratio for different surfaces proved that the bearing ratio is
useful characterization of the nanoscale surface topography for
V-activated process. And the approach is also applicable to a wide
ariety of wafer direct bonding process where surface roughness is
odified.
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