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Implanted gallium impurity detection in silicon by impedance spectroscopy 
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A B S T R A C T   

The results of determining the energy levels of boron-doped silicon implanted with gallium ions by impedance 
spectroscopy are reported. In the as-implanted sample the boron level remains the same and a second level 
appears close to the Ga-level reported in literature. In the sample annealed at 1000 ◦C, two levels are observed 
neither of which corresponds to the literature values for boron and gallium. It is assumed that in the as-implanted 
sample this method detects levels of gallium atoms located at a depth where ions penetrate due to the channeling 
effect, since a large concentration of defects at shallower depths does not allow detection of energy levels due to 
the Fermi level pinning. Explaining the results for the sample annealed after implantation requires additional 
research. The main result of this work is to establish the possibility of detecting impurity levels in ion-implanted 
silicon by impedance spectroscopy even in the absence of subsequent annealing.   

1. Introduction 

Modern electronics is placing ever higher and more diverse demands 
on the quality and parameters of semiconductor devices. An example of 
the latter is beta-voltaic cells [1]. Changing or adding an impurity and 
precise control of its profile in such structures is one of the ways to 
manipulate the transport properties of semiconductors, thus, achieving 
the highest values of efficiency. To achieve the latter requirements some 
additional research, in particular, the determination of the impurity 
energy levels is of great importance. Ion implantation is the most 
effective way to introduce impurities of the desired type with a precise 
concentration and profile control [2]. In the absence of annealing the 
concentration of implantation-induced electrically active defects is 
several orders of magnitude higher than the concentration of the initial 
and implanted impurities. In this case, the Hall effect measurements 
along with the other stationary methods do not provide information 
about the electrical state of the impurities located in implanted layer [3]. 
In the present work, using low-dose Ga+ implantation in silicon, as the 
example, it is shown that such a challenge can be successfully solved by 
applying the impedance spectroscopy method [4]. 

2. Materials and methods 

Impedance spectroscopy (IS) is based on the study of frequency and 
temperature dependences of the real part of impedance (R). It allows 
determining the energy levels of impurity centers in semiconductors. 
The method is universal and applicable to various materials, including 
nanostructures (see for example [5,6]). In this work, the possibility of 
applying this method to ion-doped silicon samples, including as- 
implanted ones, at low doses of heavy ion irradiation was investi-
gated. A boron-doped (p ≈ 1012 cm− 3) 350 µm thick p-Si wafer was 
exposed to Ga+ with an energy E = 80 keV and a dose F = 1⋅1012 cm− 2. 
The ion beam direction was orthogonal to the surface of the sample, i.e. 
no special measures were used to suppress the channeling effect. Some 
samples were post-annealed at 1000 ◦C (15 min) in dry N2 at 312 Pa and 
the humidity corresponding to the dew-point − 39.3 ◦C. The annealing 
chamber was pre-annealed and purged with N2. After switching on the 
heating lamps the temperature was raised to 1000 ◦C during 40 sec; the 
cooling rate after switching off the lamps was 7◦/s from 1000 to 500 ◦C, 
and 2◦/s from 500 ◦C to room temperature. Schottky back-to-back di-
odes were prepared using EPO-TEK H20S silver two-component epoxy 
glue deposited to the front and back sides of the sample as ~1 mm2 

contacts (see the inset in Fig. 1a). To measure temperature dependences 
of the real R(T) and imaginary X(T) parts of impedance, the sample was 
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cooled in a helium cryostat. R and X were independently measured with 
an E4980A precision LCR-meter during heating the sample from 4.2 K to 
300 K. An alternating voltage Vac = 0.1 V with frequencies (f) from 20 Hz 
to 2 MHz was applied to the sample as shown in the inset of Fig. 1a. 

3. Results and discussion 

The R(T) for initial, as-implanted and post-implantation-annealed 
samples were measured (Fig. 1). The temperature curves R(T) reveal 
peculiarities in the form of peaks (Tm), which position depends on fre-
quency f (Fig. 1a) observed in all samples. This behavior indicates the 
presence of a thermally activated energy state in the band-gap and the 
peaks arise due to the process of emission/capture of the charge carrier 
into/from the bands [7]. This process depends on the frequency of the 
AC voltage and the position of the energy level with respect to the Fermi 
level, which, in turn, depends on the temperature. 

For clarity, the recharge process under the action of AC voltage is 
schematically shown in Fig. 2 for homogeneously doped p-Si at a tem-
perature sufficient to cross the Fermi level with the energy level of the 
state detected. This temperature corresponds to Tm, which is the tem-
perature of the R(T) maximum, i.e. where the peak is observed (Fig. 1a). 
Thus, Tm will be different for different frequencies, as one may observe 
the peak position changes with the frequency. 

According to [8], the approximate relationship between ω = 2πf and 
Tm is:  

ω = 2BNexp(–E/kTm)                                                                       (1) 

where B is the capture coefficient of carriers, N – concentration of 
trapping centers, E – energy level, k – Boltzmann constant. The value of E 
is determined from the slope of the linear ln(ω) vs. 1/Tm dependence. As 
can be seen from Fig. 3, the dependences of ln(ω) on 1/Tm are well 
described by (1) for all three samples. The single maximum is observed 
for the initial sample (Fig. 1b) for which E = 42.2 meV. This value is very 
close to the boron level data (E = 44 meV) [9]. It is interesting that we 
managed to detect an impurity with concentration as small as ~1012 

cm− 3. 
The R(T) dependence for as-implanted sample shown at Fig. 1b 

represent two peaks. Plotting the dependence of ln(ω) on 1/Tm (Fig. 3) 
allows attributing one of these peaks to the boron level (E = 42.2 meV). 
Another peak (E = 69.4 meV) can be interpreted as the gallium level for 
which the reference value is 73 meV [9]. Thus, the possibility of 
detecting the center associated with implanted atoms even without 
annealing was shown. In addition, it can be seen from the experiment 

that the initial boron impurity did not change its properties. 
We emphasize that such results are not trivial. The Fermi level in the 

implanted silicon should be pinned near the middle of the bandgap [10]. 
According to SRIM calculations [11] the concentration of implantation 
induced defects at the maximum of the Ga distribution exceeds 1017 

cm− 3. Although not all of these defects survive at room temperature, for 
the depths corresponding to the ranges of unchannelled ions penetra-
tion, the Fermi level without post-implantation-annealing should 
maintain its position near the middle of the bandgap. This means that 
the impurity levels in that depth could not be determined by the method 
applied. Therefore, we suggest that the levels revealed in the experiment 

Fig.1. (a) The temperature dependence of R - real part of impedance at various frequencies f for the initial (virgin) sample, dependencies for as-implanted and post- 
implantation-annealed samples are shown in “Supplementary materials” Fig. S1; (b) the temperature dependence of R at 10 kHz for the initial, as-implanted and post- 
implantation-annealed samples. The values of the used f are: 5 kHz, 10 kHz, 50 kHz, 100 kHz, 250 kHz, 500 kHz, 750 kHz, 1 MHz, 1.25 MHz, 1.5 MHz, 2 MHz. The 
inset in Fig. 1a shows a schematic of the impedance measurement. 

Fig.2. Energy diagram explaining the process of recharging of the acceptor 
level (Elevel) for homogeneously doped p-Si. EC and Ev – edges of the C- and V- 
bands, EF - Fermi level, Vac - alternating voltage. The energy diagram for as- 
implanted samples can be found in the “Supplementary materials” sec-
tion Fig. S2. 
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for the as-implanted sample refer to deeper layers where Ga+ ions 
penetrate due to the channeling effect [3]. Indeed, in general, a small 
fraction of the implanted Ga+ enters the channels and have a certain 
chance to replace lattice sites [11], thereby becoming the acceptor 
centers. Since the penetration depth for channeled Ga+ ions is much 
larger than the maximum impurity concentration depth, the concen-
tration of radiation defects in this region is not high enough to pin the 
Fermi level and, thus, the method we applied allows one to determine 
the levels of both initial and implanted impurities. 

In the implanted sample after annealing at 1000 ◦C when almost all 
defects are annihilated [3], two peaks are again observed at R(T) 
dependence (Fig. 1b), however, their positions are shifted (Fig. 3). These 
energy levels are found to be 2.7 and 36.1 meV, i.e. significantly lower 
than the values reported in literature. This result is not fully clear. Since 
the Fermi level is no longer pinned for annealed sample, the measure-
ments reveal the levels of impurities located at depths where the ma-
jority of implanted atoms (i.e. unchannelled) are located. Therefore, the 
results obtained for annealed sample need to be explored further. 

4. Conclusions 

Using gallium ions as an example we found that the impedance 
spectroscopy method makes it possible to determine the levels of 
implanted impurity atoms even in the absence of post-implantation 
annealing. It can be expected that optimization of the channeling con-
ditions will increase the fraction of implanted ions contributing to the 
signal from energy levels in as-implanted samples. This is important for 
the implantation technology of some devices such as beta-voltaic cells. 
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