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Effective Surface Modification of a Germanium Layer by using an
Atmospheric Pressure Plasma Jet with a Round Ended Nozzle
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We investigate the surface modification of a germanium epitaxial layer grown on a silicon substrate
by means of an atmospheric-pressure plasma jet. The plasma jet contains a large density of highly
reactive radicals, as confirmed by optical emission spectra. The plasma jet with a nozzle with a
round end has a higher current level compared to cylindrical and pencil-shaped nozzles, indicating
the usefulness of this plasma jet for semiconductor processing. Raman spectra reveal a significant
modification of the germanium surface under exposure to an atmospheric pressure plasma jet even
for 1 min. The first-order Raman peak at 320 cm−1 has an asymmetric shoulder on the low-
frequency side, which can be attributed to amorphization/oxidation of the germanium layer due
to highly reactive radicals. The rapid surface change under short-time exposure indicates the
practicality of the plasma jet for semiconductor processing.
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I. INTRODUCTION

The atmospheric pressure plasma jet (APPJ) has
gained a great deal of attention due to its wide appli-
cations including biological, medical, and material pro-
cessing applications [1]. Due to the short-lived free rad-
icals, which induce apoptosis in tumor cells, the uti-
lization of APPJ in cancer therapies has been actively
pursued worldwide [2–5]. The localized APPJ provides
an effective means for delivering a lethal dose to a tu-
mor without affecting the surrounding healthy tissues.
Besides biomedical applications, APPJ has attractive
features for the surface modification of semiconductor
materials. First, APPJ, as its name implies, does not
require sophisticated vacuum equipments. Therefore,
APPJ could be a cost-effective tool. Second, APPJ gen-
erates a plasma plume in open space, unlike low-pressure
plasmas in coplanar electrodes, and can reduce the sus-
tain voltage by minimizing its size. Additionally, APPJ
can treat a large variety and amount of source materials
and by controlling the gas flux, prevent impurities from
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being mixed into the process region. Therefore, APPJ
equipped with a proper scanning stage can be applied to
local oxidation/amorphization of semiconductor materi-
als during ultra-large-scale integrated circuit (ULSI) pro-
cessing. Finally, the temperature of APPJ is near room
temperature, meaning that the temperature-induced ef-
fect on the underlying semiconductor structures fabri-
cated during previous process steps is virtually absent
during APPJ treatment. This feature is quite important
because the conventional diffusion step requires high-
temperature annealing, which smears the sharp interface
of such subtle structures. In spite of its attractiveness,
the research on the APPJ toward the surface modifica-
tion of semiconductors has been relatively limited. Pre-
vious studies have usually focused on the modification of
metals or plastics to change the surface to hydrophilic
surface or to enhance the adhesion property [6,7]. AP-
PJs were also utilized to deposit silicon-dioxide films [8,
9]. Also, self-organized nanostructures were observed on
atmospheric-microplasma-exposed surfaces [10].

The surface of a germanium (Ge) layer is investigated
to explore the effectiveness of APPJ treatment because
Ge is promising for next-generation ULSI materials due
to its higher electron/hole mobilities as compared to sil-
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Fig. 1. Schematic diagram of the atmospheric-pressure
plasma jet system.

icons [11]. In addition, germanium oxynitride is impor-
tant for passivation and dielectric materials for Ge-based
metal-oxide semiconductor field-effect transistors (MOS-
FETs) [12]. For biomedical applications of APPJ, a low
level of current under moderate voltage is generally de-
sirable. However, a higher level of current compared
to biomedical applications may be required for effective
semiconductor processing. Thus, we devised an APPJ
device with a nozzle with round end, and that device
carried a higher current at a given applied voltage. The
degree of surface modification of the germanium layer
was assessed by using micro Raman spectroscopy.

II. EXPERIMENTS

The plasma jet consists of a powered electrode, a teflon
fitting, a quartz confinement tube, and a nozzle, as re-
ported elsewhere [5]. A copper rod with wound wire act-
ing as a powered electrode reduces the breakdown voltage
and, thus, provides stable room-temperature operation.
The discharge gas (helium) was fed through the tube at
a flow rate of 2 SLM (standard liter per minute). The
plasma was generated by using a pulsed bipolar source
with a repetition frequency of several tens of kilohertz
(EESYS APPS020). A typical operation condition of the
plasma jet has an applied voltage of 1.9 kVrms (root-
mean-square value), a repetition frequency of 50 kHz,
and a pulse width of 5.5 µs. The waveforms of the volt-
age and the current were measured using a real-time dig-
ital oscilloscope (LeCroy WS44XS-A) via a high voltage
probe (Lecroy PPE20kV) and a current probe (Pearson
4100). To indentify the reactive species that are gener-
ated in the discharge, we measured the optical emission
spectra in the range from 200 to 900 nm, as schematically
shown in Fig. 1. The light emitted by the microplasma
was focused by means of optical fiber into the entrance
slit of a 0.75-m monochromator (SPEX 1702) equipped
with a grating of 1200 groves per millimeter and a slit
width of 100 µm.

In order to verify the general optical properties of this
plasma jet, the optical emissions were measured as a
function of time. A photosensor amplifier (Hamamatsu
C6386-01) was used to observe the wavelength unre-
solved plasma emission.

The hydrogen-terminated Si substrates were first pre-
pared by dipping in diluted HF solution. Subsequently,
the epitaxial Ge layers were grown on the substrates by
using a lamp-heated chemical vapor deposition (CVD)
system. The growth condition was the same as reported
previously [13]. Briefly, the growth temperature, times
and pressure of the 1% hydrogen diluted GeH4 source
gas were 550 ◦C, 2 min and 5 min, and 60 Torr, respec-
tively. The thicknesses of the Ge layers were about 200
nm and 500 nm, respectively.

The grown Ge layers were exposed to an APPJ from 1
to 30 min. After the exposure for 1 min, the color change
of the exposed region is obvious even by visual inspec-
tion, indicating a significant change of refractive index.
The diameter of the exposed region increased linearly,
and the final diameter was about ∼3 mm after a 30-min
exposure. The exposed surfaces were then examined by
using micro Raman spectroscopy. The Raman spectrum
was measured by using home-built equipment employ-
ing a modified fluorescence microscope (Olympus BX60)
equipped with a Raman filter cube (Semrock) with an
edge steepness less than 1 nm. A 488-nm Ar+ laser (∼16
mW) was used as an excitation source. The laser power
was measured using a handheld laser power meter (Co-
herent Lasercheck) underneath an objective lens. The
Raman signal was collected through the microscope ob-
jective lens (Olympus ×50, numerical aperture = 0.75),
which was used to focus the laser beam (spot diame-
ter: ∼3.2 µm). The Raman signal was sent to 0.5-m
monochromator with a 0.5-m focal length (Dongwoo op-
tron DM500i) through a multimode optical fiber and
was detected using a Peltier-cooled charge-coupled de-
vice (Andor iDus DV401A). An undoped Ge substrate
was used as a reference.

III. DISCUSSION

Figures 2(a)-(c) illustrate the plasma plumes gener-
ated from three type of nozzles. Figure 2(a) is conven-
tional nozzle (cylindrical nozzle). Figure 2(b) shows the
nozzle with a tapered end (pencil-type nozzle). In our
previous study, the pencil-type nozzle exhibited plasma
stability while maintaining an efficient reaction chem-
istry and room temperature [14]. Thus, this type of noz-
zle is ideal for biomedical studies. Figure 2(c) shows the
nozzle with a round end (round-type nozzle) devised for
the present Ge modification. As shown in the figure,
the plume length (∼3 cm) from the round-type nozzle
is longer than those of the others and is tightly focused.
Figure 2(d) shows a photograph of APPJ processing us-
ing a round-type nozzle. Figure 3(a) presents the voltage
and current waveforms for the APPJ with a round-type
nozzle. As shown in the figure 3(b), the cylindrical and
the pencil-type nozzles exhibit almost equivalent current-
voltage characteristics while the current from the round-
type nozzle is approximately 10% higher than those of
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Fig. 2. (Color online) Photographs of plumes generated in
a plasma jet with (a) a cylindrical nozzle, (b) a pencil-shaped
nozzle, and (c) a round ended nozzle. (d) Photograph of the
plasma treatment on semiconductor surface. The scale is 2
cm.

the other two types of nozzle. The optical emission wave-
form from a photosensor amplifier was plotted for three
different types of nozzle as shown in Fig. 3(c). The
optical intensity is in phase with the current. Depend-
ing on the nozzle type, the plasma volume changes and
the plasmas have different impedance. This modifies the
current-voltage characteristics and optical emission in-
tensity. A round-type nozzle jet has the largest optical
intensity. The total current and optical emission inten-
sity indicate that stronger plasmas are generated for the
APPJ with a round-type nozzle. Probably, the round-
type nozzle is not suitable for biomedical processing due
to its higher current level. However, we anticipate that
this type of nozzle will be adequate specifically for sur-
face modification. The round end nozzle may provide
a longer gas residence time for sufficient plasma activa-
tion. The plasma density is enhanced and the increase
of conductivity leads to the increase in the conduction
current. A sudden change in the geometrical shape in
the gas flow path usually leads to the onset of a vortex
gas flow pattern [15]. Plasma species circulate in the vor-
tex formed in the round end for a long time and provoke
the generation of other reactive species. This could be a
desired environment for most of materials processing.

Figure 4 shows the emission spectrum observed in the
plasma jet. The presence of excited helium, atomic oxy-
gen, and some excited molecules can be confirmed even
without additive gas such as oxygen. The strong emis-
sion at 391 nm is the N2

+ line, and many strong nitrogen
lines, an excited He atom line at 706.5 nm, and an excited
oxygen line at 777 nm can be observed. The appearances
of the nitrogen-oxide (NO) line at 282 nm and the Hα

line at 656 nm are noted. Highly-reactive radicals, such
as NO, O, and H, may be responsible for the surface

Fig. 3. (Color online) (a) Waveforms of voltage and current
for the APPJ with round-ended nozzle, (b) current-voltage
characteristics of the APPJs with three different types of noz-
zle, and (c) the temporal evolutions of wavelength-unresolved
optical intensity for the APPJs with three different types of
nozzle.

Fig. 4. Optical emission spectrum for the plume of a he-
lium plasma jet with round ended nozzle.

modification [8,9].
Figure 5(a) shows the Raman spectra observed from

APPJ-treated surfaces for 200 nm-thick Ge layer. The
sharp and symmetric Raman peaks at 300 cm−1 from
the Ge substrate and the untreated Ge layer on Si are
first-order Ge Raman peaks. The Raman peak from the
untreated Ge layer is slighter broader than that from the
Ge substrate. The peak with a full width at half maxi-
mum (FWHM) of ∼8 cm−1 reflects the high crystalline
quality of the Ge layer. With exposure to an APPJ only
for 1 min, the Raman peak at 300 cm−1 shows a dra-
matic change, acquiring an asymmetric shoulder on the
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Fig. 5. (Color online) (a) Raman spectra of 200 nm-thick
Ge layer for various plasma exposure times. The arrow indi-
cates the direction of shoulder development with increasing
plasma treatment time. (b) Raman spectra of 500 nm-thick
Ge layer depending on the plasma exposure time.

low-frequency side. Concomitantly, the FWHM of the
peak increases to 13.3 cm−1. The development of the
shoulder as indicated by the arrow, is more clearly ob-
servable with increasing plasma exposure time. The final
FWHM reaches 17 cm−1 for a 30-min treatment. Fig-
ure 5(b) shows the Raman spectra observed from APPJ
treated surfaces for 500 nm thick Ge layer. The spectra
show the similar trend but the spectra are broader. Fig-
ure 6 summarizes the FWHMs of two Ge layers depend-
ing on the plasma exposure time. The FWHM tends to
saturate for 500 nm thick Ge layer when exposed longer
than 10 min. The final FWHM reaches 22 cm−1 for 30
min treatment. Noting that the amorphous Ge-Ge mode
appears at 270 cm−1 [16], we can explain the asymmet-
ric broadening caused by the APPJ exposure in terms
of the formation of an amorphized/oxidized Ge layer. In
addition, we noted the slight red shift (maximum shift:
∼4 cm−1) of the Raman peak with increasing APPJ ex-

Fig. 6. (Color online) Full width at half maximum of Ra-
man peak as a function of exposure time.

posure time. This effect usually leads to a red shift in
the Raman spectrum accompanied by a broadening of
the peak. In addition, the stress between the remaining
Ge and the germanium oxide may play a rule in the shift,
presumably due to strain build-up.

The chemical composition of the exposed region is
not clear at present and certainly requires further study.
However, as evidenced by the emission spectrum of the
APPJ, the plasma contains a large density of NO, O,
H free radicals. Therefore, this region is plausibly com-
posed of germanium oxynitride and germanium crystal-
lites. In the Si surface modification by using an APPJ,
which is an efficient provider of atomic oxygen and nitro-
gen, fast oxidation, followed by fast diffusion of atomic
oxygen/nitrogen in the SiO2 matrix, has been reported
[17]. To our best knowledge, there is no report on the
surface modification of Ge by using an APPJ. However,
a similar mechanism may hold for Ge modification. Not-
ing that the bond strength of the Ge lattice is lower than
that of the Si lattice, the oxidation/nitridation of Ge
under an APPJ should be faster. To account for the
broader Raman spectra for thicker Ge layer, several pos-
sibilities could be suggested. First, as reported in our
previous work, thick Ge layer is relaxed being accompa-
nied with the generation of large density threading dis-
locations [8]. The threading dislocations may offer the
effective oxidation/nitridation channels. Second, the ox-
idation/nitridation depth may be limited with Ge layer
because Si with higher bond strength is plasma oxida-
tion/nitridation resistant. This means that in-depth ox-
idation does not proceed further for thin Ge layer and
the lateral oxidation may be promoted instead. The Ge
modification depth is expected to be in the sub-micron
range. In this case, a minor change in the APPJ pa-
rameters could lead to a significant change in the Ge
surface modification during APPJ scanning. Therefore,
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the APPJ is more useful for Ge modification in a lo-
calized area rather than an entire wafer. The temporal
stability of the APPJ in terms of the plume length and
the radical generation rate could be issues for the adap-
tation of APPJ for a practical semiconductor processing.
An APPJ scanning apparatus for the modification of a
targeted area is under development in our laboratory.

IV. CONCLUSION

In conclusion, the APPJs with three types of nozzles
were investigated. Among them, the APPJ with the
round ended nozzle showed higher levels of electric cur-
rent and optical intensity and longer plume length at a
given voltage. Thus APPJ with a round-type nozzle is
suitable for semiconductor processing. The surface mod-
ification by APPJ exposure for various time durations on
a Ge layer grown by using CVD was investigated. The
Ge Raman peak was asymmetrically broadened only for
a 1-min exposure. This result indicates that a short-time
exposure is sufficient for surface modification. Thus, this
feature demonstrates the practicality and suitability of
the APPJ with a round-type nozzle for semiconductor
processing.
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