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Abstract

n'poly-Ge films were fabricated from amorphous Ge with
various doses of P-ion implantation by annealing sequences
using combinations of flash lamp annealing (FLA) and con-
ventional furnace annealing (FA). It was clarified that crystal-
lization by FA rgsultgd in p'poly-Ge films with high hole con-
centration (~10' cm™) originating from acceptor-like defects;
on the other hand, activation annealing by FLA resylted in
n*poly-Ge films with hi%h electron concentration (~10° cm™
Activation ratios as high ag those for crystalline Ge and hig
electron mobility (>140 cm</Vs) exceeding the values for crys-
talline Si were achieved. The origin of these high values in the
FLA-activated poly-Ge could be explained by the lower con-
centration of acceptor-like defects inside grain rather than the
larger grain size compared to that in FA-activated poly-Ge.

1. Introduction

Poly-Ge is an attractive material for sequentially stacked
3D-integrated complementary metal oxide semiconductor
(CMOS? circuits [1-3]. The lower process temperature compared
to that for conventional Si CMOS is desirable for formation on the
lower CMOS layer, preventing electrical degradation; however,
the difficulty forming n-type poly-Ge must be resolved, since
defects, such as vacancies, in Ge behave as acce?tor-like defects,
which generate holes; therefore, poly-Ge usual ly shows p-type
characteristics with high hole concentration (~10** cm’).

We previously reported n"poly-Ge with high concentration and
high mobility as well as EEOI -Ge, using two-step flash lamp
annealing (FLA), i.e., FLA before and after P-ion implantation
(P-1/1) into Ge [1]. Tri-%ate junctionless n- and p-MOSFETs with
the n™ and p*poly-Ge exhibited high drive currents of 119 and 311
wA/um, respectively; however, it was not clarified whether
two-step FLA was more effective than FLA alone or different
annealing methods such as furnace annealing (FA).

In the present study, we fabricated poly-Ge with various P-ion
doses using different annealing methods, i.e., FLA, FA, and their
combinations, and clarified that a sequence including final an-
nealing by FLA was more effective in forming n"poly-Ge with
higher electron concentration and higher electron mobility.

2. Experiment
Poly-Ge films were formed and examined as follows

LFig. 1(a)]: amorphous Ge (a-Ge) films (~100 nm) were deposited
y sputtering on thermal SIO, film (~200 nm)/Si substrates. P-I/1
was used to change the carrier type from p-tyfe to n-type, apply-
ing doses of 5x10™, 1x10°°, 5x10%°, and 1x 0'® cm®. FLA was
80 J/cm~ for 10 ms, whereas FA was 500°C for 5 h. Four anneal-
ing sequences were employed to form poly-Ge films [Fig. 1(b)]:
i) P-l-FA  (FA), (i) FLA—-P-I/I-FA LA-first),
ili) P-I/l-FLA (FLA-last), and (iv) FLA—P-1/I-FLA (two-step
LA). The structures were observed by plain and cross-sectional
transmission electron microscopy (TEM). The profiles of P impu-
rity concentration in poly-Ge were examined by secondary ion
mass spectrometry (SIMS). Crystallographic orientation and grain
size were investigated by electron backscatter diffractometr
(EBSD). Carrier type, carrier concentration, and motility (Hall
mobility) were estimated by Hall-effect analysis.

3. Results and Discussion

_ After the four annealing sequences [Fig. 1(b)], each a-Ge turned
into poly-Ge, according to the cross-sectional TEM images
gFig. 2). Flat and continuous films were formed, and the thickness
~100 nm) remained almost unchanged after the annealing.

SIMS profiles of P in the poly-Ge showed that its diffusion
depended on the initial annealing before P-1/1 as well as the final
annealing (Fig. 3). P diffused deeper into the poly-Ge films fabri-
cated by FLA-first than by FA ;Figs. 3(a) and S%b)]r,1 su%gesting
that the crystallinity of the FLA-first poly-Ge was higher than that
of the FA poly-Ge. P diffused to a greater extent and spread al-
most uniformly at a high dose (=510 cm™) in poly-Ge films
fabricated by FLA-last and two-step FLA [Figs. 3(c) and 3(d?]].
This implies that P could diffuse inside the grains as well as the
grain boundaries, probably because final annealing by FLA pro-
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duced larger grains with higher crystallinity compared to final
annealing by FA, leading to the reduction of grain boundaries and
defects in grains. After the diffusion, a region, e.g., around the
surface with P >10%° cm™ existed, which would be high enough to
comﬁ)ensate for the holes, if P in poly-Ge were sufficiently elec-
trically activated.

The grain size of poIK-Ge depended on the dose of P and the
annealing sequence. A higher dose led to a larger grain size in
two-step FLA poly-Ge, whereas it led to a smaller grain size in
FLA-last poly-Ge (Fig. 4), even though the final annealing in both
cases was FLA. The difference between the two su?gests that

oly-Ge was not completely melted by FLA and ’?artia ly crystal-
ized Ge, resulting from the initial annealing of FLA or FA, still
remained. We consider that the partially crystallized Ge worked as
a nucleus and that the difference in crystallinity before FLA
caused the difference infgrain size.

The shape of grains of the poly-Ge by FLA-last and by two-step
FLA tended to grow with anisotropy, i.e., in a horizontal direction,
whereas that o Ipon-Si by FA grew without anisotropy. The re-
sults of EBSD also showed the anisotropic growth of the poly-Ge
(Fig. 5). This is probably because FLA caused a horizontal tem-
perature gradient in the films, leading to the anisotropic growth.

Hall measurement revealed that an annealing sequence includ-
ing FLA turned poly-Ge into n-type. FLA-first, FLA-last, and
two-step FLA poly-Ge changed from p-type to n-type with in-
creasing P dose ellzig. 6). In particular, FLA-last poly-Ge and
two-step FLA poly-Ge reached a high electron concentration of 1
X 10 em’, and two-sfep FLA could turn poly-Ge into n-type at a
P dose of 1< 10% cm™, lower than that by FLA-last. On the other
hand, FA poly-Ge remained as a p-type even at a high dose of 1 X
10™ cm. Undoped Poly-Ge films fabricated by FLA (FA)
showed hole concentration of ~2X10% (~8x 10™) cm™®. It was
suggested that FLA could result in poly-Ge films with higher
crystallinity compared to FA. Since lower hole concentrations
corresponded to the lower defect concentrations, FLA could pos-
sib_:y reduce defects and activate P in poly-Ge compared with FA.

he average electrical activation ratio of P was higher in
poly-Ge films fabricated by annealing including FLA than that in
poly-Ge films reported previously [fabricated by solid phase crys-
tallization (SPC) and by metal induced crgstalllzation (MIC)] [4]
and was comparable to that in crystalline Ge [6] (Fig. 7). We con-
sider that annealing sequences including FLA formed poly-Ge
films with higher crystallinity as described above, resulting in a
higher activation ratio.

Our poly-Ge films fabricated by FLA exhibited high electron
mobility; in the case of final annealing by FLA, i.e., FLA-last and
two-step_ FLA, electron mobility in each poly-Ge reached
~140 cm?/Vs (Fi% 8).

Interestingly, the mobility seemed to have a low correlation to
the grain size (Fig. 9), where the average grain size was estimated
from EBSD images. Instead, the crystallinity was probably related
to the mobility, since poly-Ge films fabricated using FLA exhib-
ited a hlgher hole mobility compared to that fabricated using FA.

Mobility for the poly-Ge in this study was higher than that for
the poly-Ge films fabricated by SPC and MIC in a previous study
[4] and that for the crystalline Si (c-Si) [5]. Thus, final annealing
with FLA was effective in forming n*polg-Ge films with high
electron concentration and high electron mobility.

4.  Summar

n*poly-Ge films were fabricated from spytter-deposited a-Ge
with various doses of P-I/1 (0.05—1x10% cm), using various an-
nealing sequences including FLA. It was clarified that FA (500°C,
5 h& gesulged in ppoly-Ge films with high hole concentration
(~10% cm™®), originating from acceptor-like defects; on the other
hand, final annealing by FLA resulted in n*poly-Ge films. High
electron concentration e/~1019 cm™) resulting from a high activa-
tion ratio comparable to that of c-Ge, and high electron mobilit
(>140 cm Nss) exceeding the values for c-Si, were achieved.
These high values had a low correlation to the grain size and
could be explained by the low concentration of acceptor-like de-
fects inside grains and high activation of P in poly-Ge films.
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FIG. 1: Schematic of (a) sample structure and (b) annealing process
in this study. Four annealing sequences were compared, where FA
indicates furnace annealing (500°C, 5 h), and FLA indicates flash

lamp annealing.

FIG. 2: Cross-sectional TEM image
of poly-Ge fabricated by two-step
FLA (Fig. 1). The dose of P-I/I was
1X10% cm?
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FIG. 3: Profiles of P in poly-Ge (Figs. 1 and 2) fabricated by four annealing sequences (Fig. 1): (a) FA, (b) FLA-first, P/l w:s 1% 10% cm2
(c) FLA-last, and (d) two-step FLA. The doses of P-1/l were 5x10%, 1x10"°, 5x10', and 1x10% cm™, '
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FIG. 8: Relationship between Hall mobility and P-1/1 dose in
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FIG. 6: Relationship between carrier concentration and P-I/I dose in
poly-Ge. Open symbols indicates holes; closed symbols indicate
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images (Fig. 5).

P-dose and average activation
ratio. The data for poly-Ge by MIC
and SPC [4] and for c-Ge [6] is
also depicted.
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FIG. 10: Electron mobility of
poly-Ge and crystalline Si. The
data of Ref. (MIC) and Ref. (SPC)
is from [4].



