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1. Introduction

In the last few years, research on the tensile strained and n-doped Ge thin film on Si
substrate has been the subject of many investigations with the hope to realize an Ge
active layer in optoelectronic devices totally compatible with CMOS technology [1]
[2] [3] [4] [5]. It has been shown that Ge could become direct band gap material
when applying a tensile strained value of 1.9% on Ge layer [6]. However, Ge will
emit a photon with wavelength of about 2500 nm, which is out of the wavelength of
telecommunication band. Addition, it’s a big challenge to get such high tensile
strained value while conserving a good quality crystalline of Ge.

Another approach to enhance the efficient radiative recombination of Ge film is

fulfilling the energy level of the indirect band gap by doping electron from group
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V elements such as P, As or Sb. With a high n-doping level of about 7 x 10"
acm ° [7], the energy state of the indirect band gap, which is equivalent to the
lowest energy level at the bottom of the direct band gap is fulfilled. Thus, injected
electrons will have a higher probability to occupy the direct I" valley and a high
efficiency of radiative recombination would be obtained. Nevertheless, remaining
a big challenge is to achieve a high n-doping level due to low solubility of group
V-element in Ge [8].

solid source, which produces P,
than that of P, [9] [10]. It is sho
10" atem™ can be obtai

band gap narrowing phe

flat, n-type Si(001) wafers. Cleaning of the substrate sur-

egnical method at the first step with a cycle of oxidation in a hot

smoogoxide layer is formed in an HCI:H,0,:H,0 solution to protect the Si sur-
ace from hydrocarbon adsorption during the sample loading process.

The second step is heating process in ultra high vacuum to evaporate SiO, thin
layer at a temperature of about 650°C before flash annealing at 900°C in 5 sec-
onds. After this step, the Si surface exposes a well-developed (2 x 1) reconstruc-
tion. The substrate temperature was estimated using a thermal-couple in contact
with the backside of the Si wafer with accuracy of about +20°C.

The film resistivity was measured at room temperature using a standard four-
point probe technique. Gold (Au) contact with a surface of about 3 mm’ were
prepared on the top of the Ge surface using conventional optical lithography to
insure the reproducibility of the resistivity measurement.

The PL is measured with a 532 nm laser focused on the sample surface. The PL
signal is measured with an In GaAs detector. PL spectra were recorded at room
temperature. Active phosphorus concentration is calculated by mean of using Hall

Effect measurement and reconfirming by band gap narrowing phenomenon. Dis-
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tribution of phosphorus dopants was investigated owning to tomographic APT re-

construction.

3. Results and Discussion

In order to evaluate the efficiency of n-doping process from the decomposition of
GaP, one of the first parameters needing to be controlled is the temperature range
of the GaP cell in which only phosphorus can evaporate. Indeed, GaP is decom-

posed into Ga and P, molecules and at an intermediate tempgaagiite range it is ex-

on top of the cell [10].

Figure 1 displays the evolution of the roo

nce intensity increases
e from 600°C to 725°C and the

level versus the substrate temperature as
iciept of P, on Si substrate, we have therefore kept
perature of 725°C. Figure 2 displays the evolu-

versus the substrate temperature. We note that I-V
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Figure 1. Evolution of the room-temperature photolumines-
cence spectrum versus the temperature of the GaP cell.
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Figure 2. Evolution of the Ge
substrate temperature.

form a smooth and strain relaxed

versus

strate surface increases with decreasing the substrate temperature. Since our re-

Its reveal that P doping is more favorable at low substrate temperatures, it ap-

pears that the sticking coefficient of the P, molecules is the dominant parameter

determining the phosphorus doping level in Ge film.

We also investigate the effect of film thickness on the optical properties of P

doped Ge layers. Figure 3 shows the evolution of the PL spectrum versus the film

thickness. Interestingly, the figure reveals that the PL intensity quickly increases

more than 5 times when the film thickness increases from 100 to 530 nm and then

slowly increases for further increase of the film thickness from 530 to 1150 nm

(about 1.2 times). Taking into account the deposition time of about 3.5 - 4 hours that

needs to grow a micrometer thick film by MBE, a film thickness of about 500 nm

appears to be a good compromise for Ge applications in optoelectronics. The rapid

increase of the PL intensity when increasing the film thickness from 100 to 530

nm can be explained by an increase of the tensile strain and in
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particular by a better crystalline q e Ge/Si interface
region contains a high density of e film becomes thick

better optical response.
used in this work, the pef@tration length @f photéns in Ge is in the order of about
10 nm. Thus,

highest at 580°C).

According to previous studies, when Ge is under degenerate doping, i.e. when
the n-type doping concentration is higher than 1 x 10" cm™, a clear red shift in
emission wavelength is observed. The phenomenon is called “band gap narrow-
ing” [13] [14] [15]. Thus, from the shift of the emitted wavelength, one can evalu-
ate the activated electron concentration. In Figure 4, at 170°C of substrate tem-
perature and 725°C of GaP cell, the PL spectrum peak is located at around 1580
nm (i.e. the corresponding energy is 0.785 eV). This transition can be attributed to
arise from the direct band gap radiative recombinations of the n-doped Ge layer.
As compared to the energy maximum around 0.810 eV, arising from the direct
band gap emission narrowing at high n-doping levels. Taken into account a tensile
strain of about 0.10% in our samples (deduced from XRD measurements) and with
a maximum of the PL spectrum located at 1580 nm, we can deduce an activated

electron concentration of about 2 x 10" e-cm™. The value of the electron concen-
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0:55’ Scientific Research Publishing 7



L. T. K. Phuong

tration is in good agreement with that obtained from Hall measurements reported
in Table 1 and shown in Figure 5. We note that for
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Figure 5. Dependence of carrier’s density on measure-
ment temperature.

able 1. Hall measurements of the carrier concentration, electron mobility and other elec-
trical parameters of a Ge layer, which is doped with P at a substrate temperature of 170°C.

Sample A
I source (A) 0.001 0.01
Carrier Concentration (cm™) 2.07E+19 2.06E+19
Hall Mobility (cm*/V-s) 221,769 221,925
Carrier Type n n
Resistivity (ohm-cm) 0.000693 0.000693
T (K) 300 300
Hall Coefficient (cm’/C) —0.153694 —0.153769
Layer Thickness (nm) 1150 1150

Hall measurements, we have grown thick samples (1150 nm) on a SOI substrate

(Silicon On Insulator) of unstrained and un-doped Ge, we observe here a redshift

L2
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of 25 meV, which can be attributed to band gap (silicon on oxide) substrate to
avoid any transport contribution coming from the substrate.

We now discuss about distribution of phosphorus dopants in Ge film by mean
of using tomographic APT reconstruction. Figure 6 represents 2D-tomographic
APT reconstruction of P doped Ge on SOI substrate grown at 300°C. Ge and P
atoms are found to distribute quite homogeneously within the microtip along the
deposition depth (500 nm). We can also observe that the region of the Ge buffer

layer is reinforced by the segregation of P atoms at the intgrfaces. Thermal an-

nealing is a well-known method for activating dopant agms withigehe semicon-

v Ge
=5 [
Figure 6. 2D-tomographic APT reconstruction of P doped Ge film on SOI substrate at

300°C. Each dot represents a single detected atom. Elements are colored coded: germanium
red, phosphorous pink.
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Figure 7. (a) 2D-tomographic APT red tion oWown on SOI at 300°C followed by thermal
annealing at 650°C for 60 s. Each dot repe ingle de atom. Elements are colored as follows: germa-
nium red, phosphorous pink, (b) 3D distrib ; sters inside the tip from 350 nm to 600 nm, (c) Top view
from Oxy plane of the clus is.
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Figure 8. Concentration profiles of P in Ge film before
and after thermal annealing along the cylindrical unit
in APT reconstruction.

drop by one order of magnitude of P concentration compared to the sample before
annealing due to the out-diffusion effect. The average concentration of P is about
7.95 x 10" atoms/cm’ (before annealing, the P concentration is 1.37 x 10 at-
oms-cm °) with a little variation along the deposition depth.

It is worth noting that according to the Hall measurements, which reveal an ac-
tivated dopant concentration of about 2 x 10" cm_3, it means that about 5.95 x
10" atoms/cm” are still in the interstitial sites that have not been activated yet. The
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cluster analysis was done for P atoms, and surprisingly, we found that P atoms had
formed into clusters. From Figure 7(b) and Figure 7(c), we also found the for-
mation of clusters. From the cluster statistics, the maximum separation between
each cluster atom D,,,,, and the minimum number of atoms per cluster N ;, are 3.5
nm and 8§ atoms/cluster, respectively. As demonstrated in the 3D atom map, the P
clusters distribute widely in the whole area of the 750 nm microtip with 254 clus-
ters. The average number of atoms per cluster is about 14 and the density of clus-
ters is approximately 6.2 x 10'° clusters/cm’. From the top view presented in Fig-

ure 7(c), the clusters of P atoms also distribute non-u

e distribution of P dopant has been studied by
is shown that P atoms precipitate into clusters

Vietnam. We also thank Prof. V. Le Thanh and his group at the Aix-Marseille
niversity for supporting this work.
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