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HALL STUDY OF CONDUCTIVE
CHANNELS FORMED IN GERMANIUM
BY BEAMS OF HIGH-ENERGY LIGHT IONS

The implantation of the high-energy ions of H™ or He' in germanium leads to the creation
of buried conductive channels in its bulk with equal concentrations of acceptor centers. These
centers are the structure defects of the crystal lattice which arise in the course of deceleration
of high-energy particles. This method of introducing electrically active defects is similar to the
doping of semiconductors by acceptor-type impurities. It has been established that the density
of defects increases with the implantation dose till ~5x 10*° em™2. The further increase of
the implantation dose does not affect the level of doping. In the range of applied doses (10"~
6x 10*°) cm™2, the Hall mobility of holes in the formed conducting channels is practically
independent of the implanted dose and is about (2-3)x 10" cm?®/Vs at 77 K. The doping of
the germanium by high-energy ions of HT or He™ to obtain conducting regions with high hole

mobility can be used in the microelectronics technology.

Keywords:
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1. Introduction

The mobility value of free charge carriers imposes a
physical limitation on the speed of microelectronic
devices functioning. The speed of traditional silicon-
based transistors has practically reached the limit
[1, 2]. In monocrystalline Ge, the electron mobil-
ity is twice and the hole mobility is four times
higher as compared with Si. Therefore, germanium
is the more promising material for microelectronics
now [3-6]. However, this mobility may change sig-
nificantly due to interaction with defects in the real
material. For example, specific defects are formed in
germanium under irradiation with high-energy ions
[7]. Such irradiation is used in the Proton Beam Writ-
ing (PBW) technology [8] to modify the physical
properties of semiconductors [9]. In the present work,
beams of protons and a-particles are used to create
hole conductive channels hidden under the irradiated
surface of germanium samples [10]. The dependences
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of the mobility and concentration of free charge carri-
ers in the channels on the temperature and radiation
doses are investigated. The features of transport phe-
nomena and the formation of defects in these chan-
nels are considered. The main attention is paid to the
study of the Hall data and their interpretation toward
the origin of electrically active centers. The results
are of current interest, because the studies conducted
with the material and a technology of its modifica-
tion, can be applied to create a new element base of
microelectronics. This can also be used for investiga-
tions of physical processes in low-dimensional objects:
buried two-dimensional channels, quantum wires and
dots.

2. Experimental Methods

The samples were made of monocrystalline ger-
manium of two types: Ge-doped with Sb (4 x
x 10'? ¢cm™3) and Ge-doped with Sb (2 x 104 cm™3)
and Au (4 x 10'* ¢cm=3). The samples had paral-
lelepiped shapes, one of the faces of which coincided
with plane (111). The implantation of H* or He™ ions
with energy F; = 1.5 MeV was carried out through

ISSN 0372-400X. Yxp. ¢is. orcypn. 2021. T. 66, Ne 1



Hall Study of Conductive Channels Formed in Germanium

this face of the sample. Four indium contacts were
fused on the lateral faces of the sample, two of which
were used to supply an external electrical voltage,
and another two were used to measure the Hall po-
tential. The conducting channel between the current-
carrying contacts was created by the irradiation with
an ion beam. The diameter of the focused beam was
40 pm. The irradiation was carried out at the move-
ment of the sample, and the conductive channel 3 mm
long and 0.44 mm wide was created. A detailed de-
scription of samples and the irradiation technique us-
ing the Kyiv ion microprobe are given in |7, 11]. The
implantation was carried out at room temperature
of the samples holder. The energy of a focused beam
was absorbed in a small pixel bulk, and, therefore,
the effective dynamic annealing of the channel region
occurred directly in the course of implantation.

The measurements were carried out while immers-
ing the samples into liquid nitrogen or helium. The
conductivity of samples after the irradiation was by
orders of magnitude greater than before it and de-
pended almost completely on the conductivity of
channels after the implantation of light ions. The
shunting effect of the sample bulk conductivity was
negligible. It was cut off due to the presence of a p—n
junction between the p-channel and the n-type bulk
(for samples doped with antimony only). For samples
doped with Sb and Au, the bulk conductivity was
very low due to the compensation of Sb by deep Au
levels.

3. Results and Discussion

3.1. Dependence of channel
conductivity and hole mobility
as a function of irradiation doses

The conductivity of a unit area of the channels o,
in samples irradiated by ions with the energy FE; =
= 1.5 MeV at implantation doses D; within the range
of (10*?-6 x 10'%) cm~2 is shown in Fig. 1. Different
shapes of the experimental points indicate the dose
D;: (+) signs show the results obtained on different
samples, where the complete D; was accumulated in
a single dose irradiation. Points (o) were obtained by
the measurements using the only one sample with a
successive increase in the dose in the serial adding of
protons. Experimental points (e) were obtained with
the implantation of a-particles.
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Fig. 1. Electric conductivity o. of channels as a function
of the implantation dose of ions D; at 77 K. (4+) — proton
doses for a single irradiation of different samples, (o) — a set of
proton doses for the serial irradiation of a single sample, (o) —
irradiation with a-particles
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Fig. 2. Hall mobility pp, of electric current carriers as a func-
tion of the implantation dose of ions D; at 77 K. The mea-
surements were performed with the samples used to measure
the conductivity o.. The designations of experimental points
correspond to those shown in Fig. 1

Figure 2 shows the dependence of the Hall mo-
bility up as a function of the dose D; measured at
77 K. Based on the observed polarity of the Hall po-
tential, it is found that the channels have p-type con-
ductivity. Figure 2 shows that, as the dose of pro-
tons accumulates in one sample, the hole mobility
remains almost unchanged (points (o) and their con-
necting line). The magnitude of this mobility is about
~(2-3) x 10* ¢m?/Vs. The hole mobilities in chan-
nels of other samples ((4) points) are scattered near
this value of pp. Thus, the hole mobility is practi-
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Fig. 3. Distribution of the concentration of implanted ions A
along the coordinate perpendicular to the sample surface. 1 —
a-particles, 2 — protons. The ion energy is F; = 1.5 MeV

cally independent of the proton dose D; accumula-
tion method. In the channels obtained by the implan-
tation of a-particles (points (e), the mobility values
also slightly change with increasing the dose D;.

The dependence of the conductivity o, of chan-
nels as a function of the temperature 7" was mea-
sured within the interval of 7' = (4.2-77) K. The im-
plantation dose D; = 10' cm™2. Such a choice of
D; was due to the fact that a dose increase above
this value has little effect on the conductivity o,
(Fig. 1), which means that the maximum degree of
germanium saturation with the formed electrically
active centers is reached. It is found that the con-
ductivity o, depends exponentially on the tempera-
ture T (0. = o exp(—E,/kT), where E, is the acti-
vation energy). The conductivity of channels formed
by protons is characterized by one value of E, =
= E, = 1.6 x 1072 eV, whereas the conductivity
of channels formed by a-particles is characterized by
two values of E, = E4; = 5 x 1072 eV and E, =
=FE4;=2x10"%eV.

3.2. Doping of samples
with germanium structure defects

The experimental data show that p; depends only
weakly on the doses (D;) (Fig. 2), so the increase
in the channel conductivity o. by over three or-
ders of magnitude from o, ~ 107° Ohm~! to o, =~
~ 1072 Ohm~! (Fig. 1) must be due to the increase
in the hole concentration. Consequently, the implan-
tation of light ions causes the formation of acceptor-
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type centers. These centers are associated with de-
fects formed in the course of embedding of protons or
a-particles [7, 10].

The greatest energy losses and formation of stable
electrically active defects occur at the end of the stop-
ping distance of particles. The distributions of parti-
cles implanted through (111) germanium face are cal-
culated using the SRIM program [12] and shown in
Fig. 3.

It can be seen that the regions of the greatest con-
centration of implanted ions are located below the
surface at a distance d much greater than the thick-
ness of these regions w. Moreover, the region formed
by a-particles is at a depth four times smaller than
that formed by protons (5u and 20y, respectively).
The thicknesses of these regions w at the half-height
of the distribution also differ by four times (0.5u and
2u, respectively). These differences are due to the pe-
culiarities of energy loss on the stopping distance by
particles whose masses differ by four times. It follows
from the above that the conducting channels formed
by the irradiation are hidden in the sample bulk.

Using the values of the activation energies of accep-
tor centers B, = E, = 1.6 x 1072 eV or E, = F,1 =
=5 x 1073 eV given in Section 3.1, we can calculate
the concentrations of defects N; = I'/wexp(E,/kT)
associated with such centers. The hole concentration
per unit area of the channel was determined using the
measured values of the conductivity o, and mobility
tr- The obtained dependence of the concentration of
electrically active defects N; in conducting channels
as a function of the irradiation dose by protons or a-
particles is shown in Fig. 4. The designations of points
in this figure are consistent with those used in Figs. 1
and 2.

Figure 4 shows that the same doses at the ion im-
plantation provide for approximately the same defect
concentrations, regardless of the sample preparation
method. The value of N; is practically independent of
the doping of the initial germanium (Sb or Sb + Au)
and of the type of implanted ions (H' or He™). This
indicates that the acceptor centers under considera-
tion are not due to compositional defects and rather
defects in the material structure [13].

Using the data presented in Fig. 4, we can calcu-
late the density of protons required for the occur-
rence of one electrically active defect Z, = D;/N,
(where D; is the dose of proton irradiation, and
N, = N;w is the number of electrically active de-

ISSN 0372-400X. Vxp. ¢is. orcypn. 2021. T. 66, N 1



Hall Study of Conductive Channels Formed in Germanium

fects per channel area unit). The resulting depen-
dence Z, = (D;) is shown in Fig. 4 with a dotted
line. It can be seen that Z, value increases by almost
than 102 time with the dose of implanted protons D;
from 10'® to 6 x 10'® cm~2s. This may be due to
a specificity of the hydrogen absorption. The germa-
nium structure changes with increasing the implanta-
tion dose of H* ions. Works [14-16] indicate: i) low
doses (D; < 10 cm~2) cause such defects as multi-
hydrogenated vacancies; ii) as the dose increases up
to D, &~ 10'° cm ™2, these defects store hydrogen and
are transformed into extended internal surfaces, be-
tween which the nucleation of hydrogen occurs; iii)
as a dose further increases up to (D, > 10'5 cm—2),
hydrogen continues to be accumulated in these pock-
ets, increasing their bulk. Thus, with an increase in
the implantation dose, an increasing part of hydrogen
is absorbed and does not participate in the forma-
tion of electrically active centers. This is confirmed
by the experimental data in Fig. 4. It can be seen
that the dose D,, increasing from 5 x 105 cm™2 up
to 6 x 10*® cm~2 do not change the density of electri-
cally active centers IV;, but Z,, continues to grow. In
the same range of doses, the origination and propa-
gation of microcracks occur [14-16].

At the implantation of a-particles, the same bulk
concentration of electrically active centers is gener-
ated, as in the case of protons implantation. This is
testified by the data presented in Fig. 4. Points (e) ob-
tained by the a-irradiation correspond to IN; obtained
at the same doses of the irradiation by protons. With
the same bulk concentration of defects N;, their num-
ber per unit area in the channels obtained by the
implantation of a-particles N, = N;w is 4 times
less than in the channels doped with protons. This
is due to the fact that the channels formed by a-
particles are 4 times thinner than the channels formed
at the proton bombardment (Fig. 3). Consequently,
the number of a-particles required for the formation
of one electrically active defect (Z, = D;/N,) is 4
times greater than that at the implantation of pro-
tons (Z, = 4 x Z,) with the same irradiation doses
D;. This may be due to the fact that the coalescence
of chemically passive and mobile helium occurs more
efficiently than that of implanted hydrogen [14-16].

3.3. Hole mobility in conducting channels

As was noted in Section 3.1, the mobility pj shows
small changes with an increase in the doping dose
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Fig. 4. Dependence of the concentration of electrically active
defects IN; as a function of the irradiation dose D; by protons
or a-particles. A designation of the points corresponds to that
given in Figs. 1 and 2. The dotted curve shows the Z,(D;)
dependence
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Fig. 5. Dependences of the mobility pp (curve 1), concentra-
tion I'j, (curve 2), and conductivity o. (curve 3) of holes in a
channel on the sample temperature T'. Doping with a-particles
Do =10 ecm™2, E; = 1.5 MeV

(Fig. 2) despite an increase in the density of defects
and a complexity of their structure (Section 3.2). To
establish the mechanism of scattering of holes, the de-
pendence of their mobility on the sample temperature
wn(T) was studied. The results are shown in Fig. 5.
It can be seen that, at T' > 25 K, the mobility
w1y, is practically independent of T'. It is also found
that the hole concentration I' and conductivity o, are
exponentially dependent on the temperature with the
activation energy Fq1 = 5x 1072 eV. The absence of a
temperature effect on the mobility indicates that the
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scattering by charged centers and thermal phonons
has no significant effect on the hole transport. This
is a quite possible cause for the high hole mobility in
the channels under study (Section 3.1).

At T < 25 K, the mobility pj, drops sharply with
decreasing the temperature T (curve 1), and the hole
concentration I' increases by 102 times (curve 2). At
the same time, the conductivity o, decreases expo-
nentially with the activation energy Fqo = 2x107% eV
(curve 3). Tt is obvious that the concentration of free
holes cannot increase with decreasing the tempera-
ture. Hence, the values of I' in Fig. 5 at T" < 25 K do
not correspond to the actual concentration of holes
in the channel. The cause for this discrepancy is as
follows. The concentration is determined on the ba-
sis of the I' = o./euy, ratio. This fact and the data
in Fig. 5 show that the cause for a determined in-
crease in I' is a decline in the measured Hall mobil-
ity up, at T < 25 K. At the same time, since the
increase in I' with decreasing the temperature T is
not consistent with the physical reality, a decrease in
the real mobility cannot occur. In [17], it was shown
that, in the samples filled with local inhomogeneities
of the conductivity, the mobility measured by Hall
methods is lower than the real mobility by conduc-
tivity. Thus, the identified features of the I'(T") and
w1 (T) dependences indicate that, as the temperature
decreases, the channel conductivity o, becomes more
and more heterogeneous. This may be due to the two-
component structure of the implanted region. The
channel bulk is filled with a medium whose conduc-
tivity depends on the density of defects with the ac-
tivation energy F,;. In this environment, there are
many local regions whose conductivity is determined
by defects with an activation energy E,2. As the tem-
perature decreases from T ~ 25 K, the centers with
the activation energy F,1 begin to freeze out, but the
centers in the local regions continue to supply holes,
because E.o < E41. As a result, the heterogeneity of
the channel conductivity increases.

At T > 25 K, the centers of both types are ac-
tivated, and, therefore, the channel heterogeneity is
small. Under these conditions, the magnitude of the
Hall mobility pp fits to the value of the transport
mobility of holes. The dotted line in Fig. 5 shows the
extrapolation of curve I to the region of low temper-
atures. Using the mobility values from this extrapo-
lation, we calculate the I'(T") dependence. It is shown
by a dotted line at the bottom of the figure. It can
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be seen that the dotted continuation is well in line
with that part of curve 2, which was obtained at
T > 25 K. This suggests that, at T < 25 K, the
actual hole mobility is of the same magnitude as at
T <25 K.

4. Conclusions

The irradiation of monocrystalline germanium with
high-energy protons or a-particles causes the forma-
tion of conducting channels. By the use of the Hall ef-
fect method, the p-type conductivity of these channels
is established. Therefore, electrically active acceptor-
type centers are formed in germanium at the irradia-
tion with light ions H™ or He™. These centers are de-
fects of the crystal lattice structure that arise in the
course of deceleration of high-energy particles. The
main results of the study of conducting channels ob-
tained by the implantation of light ions with energy
1.5 MeV are as follows:

1. It is shown that, as the implantation dose D; in-
creases from 10'2 cm ™2 up to 5 x 10'® em™2, the in-
crease in the channel conductivity o, is by over three
orders of magnitude. A further increase in the dose
D, up to 6 x 10'® cm~? do not lead to a change in
the conductivity. The mobility pu of holes varies lit-
tle throughout the entire dose range. The observed
changes in the conductivity o, are due to changes in
the concentration of electrically active centers aris-
ing at the implantation of high-energy particles. It is
found that, at the same implantation doses D;, pro-
tons or a-particles create the equal densities of elec-
trically active defects IV; per unit bulk of germanium.

2. Calculations of the distributions of the depths of
implanted particles have shown that protons and «-
particles form conducting channels of different thick-
nesses (2 pm and 0.5 pm, respectively) and arise
deeply beneath the irradiated surface (20 pm and
5 pm, respectively). With the same doses of implan-
tation D;, the concentration of electrically active de-
fects per unit surface N, = N; X w is four times less
in the thinner channels formed by a-particles versus
the channels implanted with protons.

3. It is found that increasing the implantation dose
D; leads to increasing the number of implanted par-
ticles required for one electrically active center to
arise. This, apparently, does not mean that the for-
mation of such a center requires increasing the en-
ergy. This may indicate that, as the dose increases,
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the number of particles increases, the absorption of
which does not lead to the formation of electrically
active centers. For example, the coalescence of hydro-
gen or helium can allow these elements to be stored
in microcracks.

4. The mobility pp, concentration I', and conduc-
tivity o, of the conducting channels formed by the im-
plantation of a-particles depend on the temperature
T. Tt is found that electrically active centers of two
types with different activation energies appear in the
channel. As a result, at T' < 25 K, the channel con-
ductivity becomes heterogeneous, and the measured
values of the Hall mobility u;, do not correspond to
the real values of the transport mobility.

5. It is found that, in the studied conducting chan-
nels, the holes have the high mobility u, = (2-4) x
x 10* ¢cm?/Vs at 77 K. Therefore, the doping of ger-
manium with protons and a-particles is a promising
direction in the microelectronics development. The
data considered show that the choice of the implan-
tation dose depends on irradiation purposes. When
doping germanium with light ions, the maximum con-
ductivity o, is achieved with the implantation dose
of D; = 5 x 10" ecm™2. The implantation doses D;
exceeding this value can be used in Smart Cut tech-
nology [18, 19].
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XOJIIBCBKI AOCJIIAXKEHHA
ITPOBIJIHNX KAHAJIIB, COOPMOBAHUX
YV TEPMAHIT TYYKAMU JIETKIX

IOHIB BUCOKUNX EHEPI'IN

ImmtanTanis Bucokoenepreruunnx ionis HT a6o Het B repma-
Hilf IPUBOAUTH IO CTBOPEHHS 3arynO/IEHUX B 06’€M IPOBIIHUX
KaHAJB 3 OJHAKOBUMU KOHIIEHTDAIIsSIMH AKIEITOPHUX IIEH-
TpiB. Taki neHTpu € nedekramMu CTPYyKTYpPHU KPUCTAJIIIHOI I'pa-
TKH, SKi BUHUKAIOTh Yy IIPOIIECi yIIOBIIbHEHHSI BUCOKOEHEPTreTH-
gHux ioHiB. Takwuii crioci6 BBeIEHHS €JIEKTPUIHO aKTUBHUX J1€-
deKTiB € aHAJIONIYHUM MPOIECY JIeryBaHHsI HAIIBIIPOBIIHUKIB
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JOMIIIKaMH aKIEIITOPHOTO THIy. BCTaHOBJIEHO, 1110 KOHIIEHTDA~
1ist edekTiB 306LIbIITYeThCA 31 301IbIIIEHHIM JIO3U IMILIaHTAIliT
o ~5-101% cm~2. Ilogaspiie 36ibIIeHHS] 03U IMIUIAHTALIT
He BILUIMBAE HA PIBEHb JIETyBaHHS. Y J1alla30HiI 3aCTOCOBAHUX
103 (1012-6-1016) cm—2 xomiBchKa pyX/IHBiCTD JIPOK B yTBOpE-
HUX IIPOBIIHUX KaHAJIaX MPAKTUIHO HE 3aJIeXKUTh BiJ J03U iM-
ntaHTanil i craHoBUTH npubiausHo (2-3) - 10* cm?B~1c—1 mpum
77 K. Jlerysauns repmaniio erkumu iomamu HT a6o HeT Bu-
COKMX €HEePriil [Jjisi OTPUMaHHS IIPOBiTHUX 00J1acTell 3 BUCOKOIO
PYXJIUBICTIO OipOK MOXe OyTH BHKOPHUCTAHE B TEXHOJIOTisSX Mi-
KPOEJIEKTPOHIKH.

Ka10408i ca06a: XOMIBCBKI JOC/TIIXKEHHS, IMIJIAHTALIis, IPOTO-
HU, q-9aCTUHKHU, 3arJIMOJIE€H] TPOBiAHI KaHAJIH.
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