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HREM study on stacking structure of SiGe/ Si infrared detector
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Abstract: Stacking structure and defects in SiGe/ P-Si infrared detector were studied by using localization high resolution

electron microscopy (HREM) . The photosensitive region in the detector consists of 3 P*-Siy ¢5Geg, 35 layers and 2 UD-Si

(undoped Si) layers. The interface between Siy ¢5Gep. 35 and UD-Si is not sharp and has a transition zone with norr unr

form contrast. The misfit stress of interface is distributed gradiently along the normal direction of the interface. Therefore

the crystal defects and serious lattice deformations on the interface have not been found. A defect area with a shape of in-

verted triangle exists in the edge of photosensitive region. The main types of the defects in the area are stacking faults and

microtwins. The stacking faults are on (1 11), and the thickness of the most microtwins is less than 4 interplanar spacing

and the twin plane is (1 11) . The Sip ¢5Gep. 35 and UD-Si layers on amorphous SiO; layer consist of polycrystals grown by

random nucleation, and are in wave.
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1 INTRODUCTION

Infrared detectors and infrared focal plane arrays
possess extensive and important applications in the
fields of guidance,
telemetry, early warning, surveillance of deep space,

night-vision, remote sense,
medical diagnose, etc. P*-Sij-, Ge,/P-Si hetero-
junction internal photoemission (HIP) detector pos-
sesses the advantages of all kinds of detectors used at
present, and can work at 3~ 5Hm and 8~ 14 Hm two
atmospheric windows. The quantum efficiency of
HIP detector is higher than that of silicide Schottky-
barrier detector and its response wavelength can be
adjusted. Besides, it is easy to form monolithic inte-
gration with CMOS or CCD reading circuit and the
cost is low. Therefore, it has attracted a great atten-
tion recently.

In 1990, for the first time, Lin et al''! prepared
P*-Sii_ . Ge,/ P-Si HIP infrared detector with 2~ 10
Pm response range and 1% quantum efficiency. In
1991, Tsaur et all?! successfully developed P*-Si;_ ,
Ge,/P-Si HIP long-wavelength infrared detector ar
rays with 400 % 400 pixel and achieved monolithic in-
tegration with CCD reading circuit. For the infrared
detector arrays, cut-off wavelength is 9. 3 Hm, re
sponse nonuniformity is less than 1% and minimum
resolvable temperature is less than 0. 2 K. In 1993,
State Key Lab for Applied Surface Physics in Fudan
University of China also prepared P* -Si;_ , Ge,/P-Si
HIP infrared detector. Its cut-off wavelength is 9
Pm. At 52 K, the detectivity for 500 K blackbody
D5wok= 2.0x10° emHz'"?/ W4

In 1997, Wang et all>™ 7' developed P+ -Sig. 63

Geo. 35/ P-Si HIP infrared detector with a high quan-
tum efficiency. The performance of the unbiased de-
tector at 77K has been improved to D" (5.5, 1000,
)= 1.1x 10" emHZz"?*/ W. The peak quantum effi-
ciency has reached 4% and the response range is 2~ 8
HPm. The detector at 77 K shows ideal diode charac
teristics. The back leakage current density is only
1004 A/ em?.

It is well known that the properties of the detec
tors are dependent on their microstructures. The mi
crostructures of the HIP infrared detector were stud-
~ 19 But the
interface structure and defects in the detectors can be
only identified by high resolution electron microscopy

. . . .18
ied using several electron microscopies'

(HREM). In this paper, the experimental results
about interface structure and defects in the detector,
which was studied at atomic level, will be presented.

2 EXPERIMENTAL

Both studies of Park et all'' and Wang et al'”
indicated that using stacking structure as an emitter
and making each Sij- , Ge, layer thinner, the infrared
detector will possess higher transport efficiency, and
the quantum efficiency of the detector is raised. For
this reason, on the P-Si substrate, 3 P*-Sig.¢5Geo. 35
layers were locally grown and separated by undoped Si
(UD-Si) layers by using molecular beam epitaxy
(MBE) technique, as shown in Fig. 1. The design
thickness of each Sig 65Geo. 35 and UD-Si layers is 6nm
and 50 nm, respectively. The function of P* region
shown in the left side in Fig. 1 is to form a good Ohm
contact between aluminum electrode and Si Sub-
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strate. It is considered that the defects existed in

Sip. 65Geo.35 and UD-Si layers at the edge of photosen-
sitive region will cause leakage of electricity. An N*
zone as a protection ring was prepared to decrease the
leakage in the edge.

SIOZ P+-Sil~IG€1

...............

Fig. 1 Cross section schematic of
P+ 'Sio_ 65Ge()_ 35/ P'Sl HIP infrared

detector with a stacked structure

For studying the stacking structures and defects
of the detectors, diffraction contrast images and high
resolution images of localization cross-section speci
mens were observed. The wafers with devices were
adhered face to face with G1 type epoxy resin, ac
cording to marking location in advance. This pair of
wafers were cut at the appoint position by means of a
low speed saw to make the slices including a detector.
The slices were mechanically ground to a thickness of
20 Hm by diamond powder cream and then thinned to
just penetration by using ion milling instrument of
Gatan 600. The ion milling current is 0. 5 mA, the
accelerating voltage is SkV, and the incident angle of

ion beam is 159~ 129 To study the effects of mr
crostructure on properties, the observation will center
on typical A, B and C regions shown in Fig. 1. For
the observation of diffraction contrast image and high
resolution image, JEM-2000FX and JEM-2010 trans-
mission electron microscopes were used at operating

voltage of 200kV.
3 RESULTS AND DISCUSSION

Fig. 2 shows a crosssection image of stacking
structure of the photosensitive region and polycrystal
region on Si0; layer (A and C regions, as shown in
Fig. 1) in the infrared detector. It can be seen from
Fig. 2 that the surface of P-Si substrate is flat and
smooth. The corresponding electron diffraction pat-
tern indicates that the normal direction of photograph
plane is [ 011] and orientation of P-Si substrate sur-
face is [ 100]. Any crystal defect has not been found
in the P-Si substrate. When the specimen is tilted,
the extinction fringes caused by local bending of film
during preparing TEM specimen can be seen. In pho-
tosensitive region, Sip ¢5Geo. 35 layer appears black line
and the UD-Si layer as well as P-Si substrate is gray
under this imaging condition.

Fig. 3 shows the high resolution image of a small
segment of P"-Siy s Geg 35/ UD-Si layers and P-Si

substrate in A region. It is impossible and unneces-
sary to entirely show the image of the whole stacking
structure under 2 000000 magnification. We have to

B ;Sio.ssGQl.ss

Fig. 2 Crosssection image of stacking structure of photosensitive region and

polycrystal region on SiO; layer in infrared detector



Fig.3 HREM image of P -Si 65Geo 35/ UD-Si layers in photosensitive region (A region)

cut off a part of the image of UD-Si layer, and show
the high resolution images of three Sip. ¢5Geo. 35 layers
and the areas near the interfaces, as shown in Fig. 3.
Because Ge atom is heavier than Si atom, the lateral
ribbons with dark gray contrast in high resolution im-
age are Sig. 65 Geo. 35 layers, and the areas with light
gray is UD-Si layers, and the bottom area in Fig. 3
(c¢) is the P-Si substrate. It can be seen in Fig. 3 that
P* -Sip. 65Geo. 35/ UD-Si and P* -Sig 65~ Geo.35/ P-Si in-
terfaces are not sharp and have a transition zone with
norruniform contrast. If the layers are divided along
the middle line of the transition zone, the thickness of
Sio. 65Geo. 35 layer is about 7nm, and the thickness of

UD-Si layer is about 56 nm. Epitaxy temperature of
Sio. 65 Geo. 35 and UD-Si layers is only 650 C. The
temperature of follow ed treatment does not exceed the
epitaxial temperature. But Ge atoms in Sip 65 Gep. 35
layers still diffuse into UD-Si layers and P-Si sub-
strate. Under the effect of stress field caused by mis-
match between Sip 65 Geo. 35 and Si layers, the diffu-
sion of Ge atoms appears norruniform and the nomru-
niform contrast mentioned above is formed. The out-
diffusion of Ge atoms will raise the leakage current of
the infrared detector. The experiments’' indicate
that if the specimen is annealed at 1000 C for 10s af-
ter epitaxis, severe out-diffusion of Ge atoms ap-



152 + Trans. Nonferrous Met. Soc. China

pears, and the Sip ¢5Gep 35 layer changes qualitative
ly, and the properties of the device degenerate and
even fail. Although the mismatch of Sig 65 Geo. 35/ Si
interface is 2. 1%, none of lattice defect and serious
lattice deformation have been found, except the edge
of photosensitive region. This reason may be that the
diffusion of Ge atoms has relaxed the mismatch stress
and makes the stress gradually distributed along the
normal direction of the interface.

From diffraction contrast image it can be seen

Apr. 2000

that the image of Sig ¢5 Gep 35 layer curves near the
border of photosensitive region, as shown in Fig. 4
(a). It is known from high resolution image in Fig. 4
(b) that Sip 6sGeo. 35/ UD-Si layer on the slope at the
edge of amorphous SiO, layer is polycrystalline. Even
though Sip 65Geo. 35/ UD-Si layer at the edge of photo-
sensitive region grows on the single crystal P-Si sub-
strate, it is still affected by adjacent polycrystal layer
grown simultaneously on the slope of amorphous SiO;

and the defects are caused in the side of

Fig. 4 Multilayer structure image at the slope (B region) of amorphous SiO; step (a) and
HREM image of bordering area between A and B regions (b)
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photosensitive region. The defect area is smaller in
initial epitaxis and is growing larger and larger with
epitaxis and finally appears in a shape of inverse trian-
gle. The width of the defect area in the final epitaxial
layer is about 42 nm. The incidence direction of elec
tron beam in Fig. 4(b) is [011]. It is indicated from
the analysis that the main defects are stacking faults
and microtwins. The stacking faults are on the
(1 11) plane. The twinning plane is (1 11) and the
thickness of the most microtwins is less than 4 inter-
planar spacing. It is obvious that the edge of photo-
sensitive region has not ideal perfect crystal structure.
For technology, it is very difficult to avoid producing
defects in the border area between monocrystal region
and polycrystal region during growth, but it is possi-
ble to reduce the defect area. These defects may cause
electricity leakage. In order to decrease the leakage,
an N* zone as a protection ring has been prepared in-
side the P-Si substrate near the edge of photosensitive
region, as shown in Fig. 1. Although the doping in
N* zone makes scattering factor of this zone different
from other region of P-Si substrate, the effect on
scattering of incidence electron beam is so weak that
the image of N* zone can not be observed.

In the outer of photosensitive region, there is an
amorphous SiOs layer with thickness of 410nm, as an
insulating layer. The slope of SiO; layer adjacent to
photosensitive region has an angle of 58° with surface
of P-Si substrate. The amorphous SiO; layer is pre-
pared by using hot-oxidation technique. T he interface
between amorphous SiO> layer and P-Si substrate is
flat and smooth, as shown in Fig. 5. The fluctuation
of Si0,/ P-Si interface in [ 100] direction does not ex-
ceed 300% of interplanar spacing. It is known by
comparing Fig. 3 with Fig. 5 that the SiO,/P-Si in-

terface is flatter than the interface of photosensitive
region.

Fig. 6 shows the high resolution image of Sig. s
Geyp. 35/ UD-Si stacking layers ( C region) on insulating
amorphous SiO; step. The high resolution images of
three Sip ¢5Gep. 35 layers and the areas near the inter
faces are shown in Fig. 6(a), (b) and (c¢), respec
tively. It can be seen that the surface of the amor
phous SiO» layer is flat. Sip 65Gep. 35 and UD-Si layers
both consist of polycrystals. The first Sig. ¢5Geo. 35 lay-
er grows on the surface of amorphous SiO2, and the
Sip. 65 Geo. 35 crystals nucleate randomly on the SiO,
surface at the beginning of growth. Then the crystals
of the layer grow epitaxially on these nuclei. Because
the nuclei are close to one another, about 5~ 12 nm,
and the grains interact on one another during grow-
ing, the growing direction of the grains changes when
they grow to a certain degree. So columnar grains are
not formed. Generally, the larger the grain, the
longer the grain in growing direction. The followed
UD-Si and Sig. 65 Geo. 35 layers grow in this way. The
grow ing speed is different with different orientation,
therefore Sip. 65 Geo. 35/ UD-Si polycrystal layers with
wavy shape are formed. It can be seen also that the
first Sig. 65Geo. 35 layer on the amorphous SiO» is thick-
er and lighter in contrast. It is indicated that the dif-
fusion of Ge atoms in this layer is severer than that in
the second and the third Sip 65 Geo. 35 layers. This is
related to higher temperature of Si0; surface compar-
ing to that of P-Si surface and UD-Si layer surface due
to poor thermal conductivity of SiO; layer during
grow ing.

4 CONCLUSIONS

1) The photosensitive region of the detector

Fig. 5 HREM image of amorphous SiO/ P-Si interface
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Fig. 6 HREM image of multilayer Si0. 65Ge0. 35/ U D-Si on amorphous SiO» layer

consists of 3 P*-Siy 65Gep. 35 layers and 2 UD-Si lay-
ers. It is seen that the Sip 65Geo. 35 and UD-Si layers
are flat and smooth in the low magnification image,
but these layers are not really flat and fluctuate slight-
ly in high resolution image. The P* -Siy ¢5Geo.35/ UD-
Si interfaces are not sharp and a transition zone caused
by diffusion of Ge atoms exists. In the transition zone
there is a gradual distribution of mismatch stress be-
tween layers along normal direction of the interface.
Therefore, no any of crystal defect and serious lattice
deformation at the interfaces has been found.

2) A defect area exists in the edge of photosensi-

tive region. This area appears in shape of inverse tri-
angle in crosssectional view. The main defects are
stacking faults and microtwins. The stacking faults
are on the (1 11) plane and the twining plane is
(1 11) too. The thickness of the most microtwins is
less than 4 interplanar spacing.

3) Sio.e5Geo. 35/ UD-Si layers on SiO» layer con-
sist of randomly grown grains. The columnar grains
in the growing direction have not been formed. The
grow ing speed is different with the different orienta
tion of grains. The polycrystal Sip 5 Geo.3s/ UD-Si
layers are in wave.
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