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Abstract
We report on the irreversible and reversible resistance changes for γ-ray irradiation in amorphous GeTe thin films with 
Ag electrodes. The γ-ray irradiation at a dose of 1 kGy irreversibly decreased the DC resistance by two orders of mag-
nitude. The irreversible resistance change was caused by the formation of a conductive region that consisted of Ag-Te 
compounds. In-situ real-time DC resistance and AC impedance measurements revealed reversible variations in several 
electrode structures with DC resistances ranging widely from about 10 kΩ to about 5 MΩ. The DC resistance decreased by 
2–5% with a time constant of about 3–7 min following the γ-ray irradiation with a dose rate of 0.5–2 kGy/h, and recovered 
on interruption. The AC impedance measurement was analyzed with a simple equivalent circuit consisting of a parallel 
RC circuit of the Ag-diffused GeTe matrix, connected serially to the interface resistance. The interface resistance and the 
capacitance of the matrix exhibited a fast reversible variation, which is explained by trapping and detrapping of carriers 
in the charged defects formed by the Ag re-diffusion. The resistance of the matrix showed a slow reversible variation 
with a time constant of 7 min, similar to the DC resistance. The slow reversible variation is attributed to the growth and 
dissolution of the conductive region caused by the Ag re-diffusion.
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1 Introduction

Germanium chalcogenides have high radiation toler-
ance and have been used for radiation-hard nonvolatile 
memories [1–3], which are in high demand, especially by 
the space community. The resistances of both the crystal-
line and amorphous states of nonvolatile phase change 
memories using  Ge2Sb2Te5 were unchanged by γ-ray up 
to 20 kGy [3]. The radiation hardness arises from the struc-
tural recovery of the amorphous network after exposure, 
as well as the memory operation mechanism based on the 
phase change rather than the electric charge as in float-
ing gate memories. The structural recovery and the spe-
cific structural rearrangements in the local atomic geom-
etry were demonstrated by ab initio molecular-dynamics 

simulations on  Ge2Sb2Te5 [4]. The radiation hardness and 
the structural recovery have also been studied intensively 
in Ag-doped Ge-chalcogenides. Suppression of the crys-
tallization for 120 MeV  Ag9+ heavy ion irradiation was 
reported in Ag-doped  Ge2Sb2Te5 [5]. Healing of the dam-
age to the silver chalcogenide network after γ-ray radia-
tion, and remarkable reversibility upon annealing were 
demonstrated by an atomic simulation of Ag-doped  GeSe3 
[6].

Irradiation of γ-ray onto Ag-doped Ge-chalcogenides 
induces the diffusion of silver ions. Resistance variation 
due to the diffusion has been applied to compact radia-
tion dosimeters, which have attracted great interest due 
to their potential for reactor dosimetry, radiation chem-
istry, and clinical dosimetry. Successful sensing over 
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a wide range of absorbed doses between  103 Gy and 
 107 Gy was demonstrated in Ag-doped Ge-S and Ge-Se 
systems [7–14]. However, the studies focused on the 
resistance variation between before and after γ-ray irra-
diation. To the best of our knowledge, in-situ real-time 
measurements of the resistance variation, which can be 
applied to dose rate monitors, have not been reported 
yet in Ag-chalcogenide systems. In this work, we have 
performed in-situ real-time resistance measurement on 
amorphous germanium telluride (GeTe) thin films with 
Ag electrodes under γ-ray irradiation, and have observed 
both irreversible and reversible resistance variations. 
The causes of the irreversible resistance variations were 
revealed by time-of-flight secondary ion mass spec-
trometry (TOF-SIMS) measurements. The resistance was 
reduced irreversibly by growth of the conductive region 
that consisted of Ag-Te compounds, and it was increased 
by oxidation of Ge and Te, which was distributed differ-
ently. Reversible resistance variation was decomposed 
into fast and slow components by analysis of the in-situ 
AC conduction measurement. A fast reversible variation 
was found in the interface resistance and the capaci-
tance of the Ag-diffused GeTe matrix in the equivalent 
circuit that successfully fitted the complex impedance. 
The time constant of the fast variation was less than the 
frequency sweep time required to obtain the resistance 
and capacitance. A slow reversible variation was found 
in the resistance of the Ag-diffused GeTe matrix in the 
equivalent circuit extracted from the in-situ AC measure-
ment and the resistance of the in-situ DC measurement. 
The time constant of the slow variation was 3–7 min for 
the dose rate of 0.5–2 kGy.

The time constant is in the middle of the previously 
reported two types of “reversible” processes of Ag dif-
fusion: we use the term “reversible” for the process that 
returns a state to the original when external fields such 
as γ-ray, UV-light, or electric fields are removed. One type 
is a very slow process where the recovery requires ther-
mal annealing for several days at room temperature or 
annealing for about 10 mins at around half of the glass 
transition temperature. Two examples of the very slow 
process are the γ-ray induced photo-doping observed in 
the Ag-Ge-Se system [9, 12] and the photo-deposition 
in the Ag-Ge-S system [15, 16]. In these processes, the 
diffused or deposited Ag atoms can be reversed or dis-
solved back into the matrix by long-term or high tem-
perature annealing. The other type is a very fast process 
of recovery to the original state within about 100 nsec. 
A typical example is the volatile switching found in fila-
ment-based selectors [17–19]. Our study of the middle 
rate of reversible variation may contribute to a unified 
understanding of these reversible changes.

2  Materials and methods

A 50 nm thick GeTe film was deposited on a thermally 
oxidized Si substrate (300 nm  SiO2 on (001) Si) by RF 
magnetron sputtering, using a GeTe target (99.99% 
purity) with no intentional heating. The film was amor-
phous, and the composition was  Ge50.8Te49.2, evaluated 
by inductively coupled plasma mass spectroscopy. The 
composition was reproduced under the condition that 
the plasma discharge power was 50 W, the argon flow 
rate was 30 sccm, the pressure was 0.7 kPa, and the dep-
osition rate was 2 Å/s. On top of the film, a 50 nm thick 
Ag layer was deposited by electron-beam evaporation 
and was patterned to form electrodes by conventional 
photolithography and lift-off.

The DC resistance was obtained from the current-
voltage (I–V) characteristics measured with an HP4142B 
semiconductor parameter analyzer. The AC complex 
impedance was measured with an LCR meter using a 
sinusoidal input over a range of frequencies from 1 kHz 
to 100 kHz. The signal acquisition time for a frequency 
was about 2  s, and the frequency sweep took about 
2 min. For the in-situ measurements under γ-ray irradia-
tion, each Ag electrode was covered by a 10 nm thick Pt 
layer to prevent degradation of the electrodes due to Ag 
diffusion, and they are denoted as Ag/Pt. The Ag/Pt and 
Pt electrodes had Ti/Au bonding pads for wire bonding 
to a package onto which each device was mounted with 
conductive epoxy. The package was connected to the 
measurement system by long low-noise triaxial cables. 
The gamma-ray source was 60Co, and the radiation dose 
rate was controlled by the distance from the radiation 
source to the devices. The irradiation was performed 
at room temperature in an ambient atmosphere. We 
employed dose rates in the range of 0.1–2 kGy/h. In the 
dose rate range, the results were qualitatively similar, 
and a common mechanism seems to be responsible, 
as we show later. Dose rate monitors operating in this 
dose-rate range are expected to have a wide range of 
applications. For example, the dose rates for radiation 
therapy are typically 0.1–0.4 kGy/h on a medical linear 
accelerators and a cobalt-60 machine [20].

3  Results and discussion

3.1  Irreversible Ag diffusion and resistance 
variation

The measurements of irreversible resistance variation 
were measured after the devices had been stored or 
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annealed at room temperature in a vacuum desiccator 
in a dark place for 1 week after the γ-ray irradiation for 
10 h at various dose rates with no bias applied to the 
electrodes. The 1 week storage or room temperature 
annealing was performed to focus on irreversible pro-
cesses because in Ag/Ge-Se system Ag diffusion return-
ing to its original state over 75 h after γ-ray irradiation 
was reported. The resistances of the devices with a lat-
eral electrode configuration were shown in the inset in 
Fig.1a. Six electrode pairs were measured for each irra-
diation dose. The irradiation at a dose rate of 0.1 kGy/h or 
a dose of 1 kGy reduced the resistance by two orders of 
magnitude on average, as shown in Fig. 1a, although the 
amount of reduction was distributed reflecting Ag diffu-
sion variation. On increasing the radiation dose further, 
the resistance increased slowly and became saturated 
around 10 kGy. To investigate the cause of the irrevers-
ible resistance variation, TOF-SIMS measurements were 
performed. After the γ-ray irradiation at the same doses 
as those used for the resistance measurements, 6 nm of 
the top surface layer was removed by Bi ion beam etch-
ing, and then the surface near an Ag electrode was ana-
lyzed by using Cs ion beam sputtering. The intensities 

of the secondary ions of  Ag3−,  AgTe−,  GeTe2−,  Ge2O5
−, 

 TeO3
−, and  O2

− shown in Fig. 1b represent the number of 
structural units having respectively Ag-Ag bonds, Ag-Te 
bonds, Ge-Te bonds, Ge-O bonds, Te-O bonds, and O-O-
bonds in the sputtered area.

The photomicrograph at 0 kGy, or before irradiation 
shows a bright contrast of the deposited Ag electrode 
region and a dark contrast region of about 50 μm wide 
surrounding the electrode. The TOF-SIMS image of Ag-Ag 
bonds at 0 kGy shows that the deposited Ag electrode 
region consisted of Ag-Ag bonds before γ-ray irradia-
tion. In other words, the Ag atoms in the bright electrode 
region were unreacted. The TOF-SIMS images of Ag-Te 
bonds and Ge-Te bonds show that the dark region has a 
larger number of structural units with Ag-Te bonds, and a 
smaller number of structural units with Ge-Te bonds than 
the other region. The result demonstrates that the dark 
region was the Ag-diffused region that consisted of Ag-Te 
compounds formed by the electrochemical reaction of 
Ag, consuming GeTe. The Ag-Te compounds are consist-
ent with our previous works. Energy-dispersive X-ray spec-
troscopy on the same structure showed that the average 
composition ratio of the Ag-diffused region was roughly 

Fig. 1  (a) Resistances of the devices with an electrode configura-
tion shown in the inset, measured at 0.1  V, plotted as a function 
of the γ-ray dose. (b) Photomicrographs and TOF-SIMS mapping 
images of secondary molecular ions of  Ag3−,  AgTe−,  GeTe2−,  Ge2O5

−, 

 TeO3
−, and  O2

−, which were sputtered from the device surfaces, at 
the doses of 0 kGy, 1 kGy, and 20 kGy. The intensities are normal-
ized to the maximum counts
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Ag:Ge:Te = 1:1:1 [21]. Transmission electron microscope 
and electron diffraction measurements showed that the 
electrochemical reaction between Ag and GeTe formed 
Ge-rich and Ag-Te-rich amorphous regions, phase-sepa-
rated with a size of about 10–30 nm, as well as nanocrys-
tals of the monoclinic phase of  Ag2Te [22]. Here we note 
that the Ag atoms can diffuse not only in the amorphous 
regions but also in the region of the monoclinic crystal-
line  Ag2Te; the diffusion constant of Ag in the monoclinic 
 Ag2Te was reported to be around  10−4  cm2s−1 at 110 °C 
[23].

The TOF-SIMS image at 1 kGy shows that the unreacted 
Ag region of Ag-Ag bonds almost disappeared. Instead, the 
Ag-diffused region of a dark contrast consisted of a large 
number of Ag-Te bonds and a reduced number of Ge-Te 
bonds expanded to about 100 μm in width. The expanded 
Ag-diffused region determines the resistance at 1 kGy of 
devices with the electrode separation of 60 μm because 
the width was larger than the separation. The reduced 
resistance at 1 kGy is attributed to the lower resistivity of 
the expanded Ag-diffused region than that of unreacted 
GeTe. There are three possible causes of the lower resis-
tivity: the material resistivity of Ag-Te compounds, the 
inclusion of the nanocrystals of monoclinic  Ag2Te, which 
is a low bandgap semiconductor with bulk resistivity less 
than  10−2 Ω⋅cm [24], and Ag diffusion-induced formation 
of the impurity bands that induces insulator-metal transi-
tion as reported in a  GeSe3:Ag glass [25]. The expansion 
of Ag diffusion accompanies the emergence of the Ge-O 
region, which has a large number of Ge-O bonds in the 
form of a curved swath surrounding the electrode. The 
Ge-O region is attributed to O-rich Ge oxides because the 
region had more O-O bonds than the unreacted regions. 
The emergence of the Ge-O region within the Ag-diffused 
region suggest that the region was formed by oxidation 
of the Ge atoms precipitated during the Ag-Te formation. 
The expansion of Ag diffusion also accompanies the emer-
gence of the Te-O region, which has a large number of 
Te-O bonds in the electrode area. The Te-O region is attrib-
uted to O-rich Te oxides because the region had more O-O 
bonds. The fact that there were fewer Ge-Te bonds in the 
region than the other regions suggests that the Te oxides 
were formed by oxidation of the Te atoms left behind after 
diffusion of plenty of Ag atoms of the electrode.

The TOF-SIMS image at 20 kGy shows that the Ag-dif-
fused region observed as the dark region of the photo-
graph and as the region of Ag-Te compounds was very 
similar in size to that at 1 kGy. This means that the expan-
sion of the Ag-diffused region was saturated around 
1 kGy. The number of Ag-Te bonds decreased in the entire 
device and that of Ge-Te bonds also decreased especially 
outside the Ag-diffused region. Instead, the number of 
Ge-O and O-O bonds increased. The oxidation outside the 

Ag-diffused region indicates that the γ-ray irradiation at 
20 kGy directly broke the Ge-Te bonds, and the environ-
mental oxygen formed Ge-O bonds preferentially rather 
than Te-O bonds.

On the basis of the irreversible Ag diffusion and the 
resistance variation we propose the following processes. 
The γ-ray irradiation up to 1 kGy promotes the Ag diffusion 
and expands the Ag-diffused region to a width of nearly 
100 μm. An Ag atom preferentially enters the Ge site [26] 
of the Ge-Te bond, and forms an Ag-Te bond. The lefto-
ver Ge atoms precipitate to form an amorphous region 
with weaker bonds than the original Ge-Te bonds. As the 
Ag diffusion proceeds, the Ag atoms separate from the 
Ag-Te bonds, and leave Te atoms behind with weakened 
bonds by forced bond-switching. In particular, plenty of 
Ag atoms of the electrode diffuse through the Te atoms 
just below the electrode, leaving many Te atoms with 
weakened bonds in their place. γ-ray irradiation breaks 
the weakened bonds of the precipitated Ge and those of 
the Te atoms left after mediating Ag diffusion, and form 
dangling bonds on the surface to be connected with oxy-
gen in the environment. As a result, Ge oxide is formed 
in the Ag-Te region while Te oxide is formed in the region 
where the Ag electrodes had been present. The amount 
of Ag atoms in the electrode of a thickness of 50 nm limits 
the further expansion of the diffused region even when 
the dose is increased above 1 kGy. Instead, the γ-ray of 
the dose above 1 kGy directly breaks the Ge-Te and Ag-Te 
bonds to form Ge and Te oxides in the overall surface area 
of the device. The oxidation increases the resistance until 
the oxidation saturates. We note that the significant effect 
of the oxidation on the resistance obscures the effect of 
partial crystallization that may occur above 6 kGy [27].

3.2  Reversible impedance variation

Reversible resistance variation was studied with a GeTe film 
having a lateral Ag/Pt-Pt electrode pair with a wide separa-
tion of 100 μm, as shown in the inset of Fig. 2a. Figure 2a 
shows the I–V characteristics without γ-ray irradiation. The 
sweep rate-dependent peaks around ±0.5–1.0 V arise from 
the redox reaction, indicating that the system allows ionic 
conduction of Ag and involves a repetitive faradaic elec-
trode reaction [28]. We employed the in-situ AC imped-
ance measurement on the device using a sinusoidal input 
voltage restricted to 0.3 V to focus on the resistance of the 
electronic contribution rather than that of the ionic contri-
bution. We note here that unlike the resistance measure-
ments in Fig. 1, the in-situ AC impedance measurement 
and the following in-situ resistance measurements were 
performed after I–V measurements to check the devices 
before γ-ray irradiation. The I–V measurement reduced the 
base resistance, especially in the first voltage application 
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because of the redox processes of forming Ag ions [29] 
that led to precursory filament growth, which occurred 
even less than the SET voltage [21]. Consequently, the base 

resistances were lower than those expected from Fig. 1, 
and therefore the initial rapid drop of the resistance due 
to the γ-ray irradiation less than 1 kGy was insignificant.

Figure 3a shows the Nyquist plots of the impedance 
with and without the γ-ray irradiation of a device having 
the electrode structure shown in Fig. 2. The γ-ray was irra-
diated at a dose rate of 0.5 kGy/h for 20 min and inter-
rupted for 20 min. Each Nyquist plot shows a capacitive 
behavior with an arc of semicircle similar to the Ag-doped 
 Ge17Te83 [29]. The capacitive behavior is well fitted by a 
simple equivalent circuit consisting of a resistor  Rs con-
nected in series with a parallel resistor–capacitor  (Rp–Cp), 
where  Rs represents the interface resistance, while  Rp 
and  Cp are the resistance and the capacitance of the Ag-
GeTe matrix. A slight deviation from each fitting curve in 
the low-frequency region is attributed to the contribu-
tion from the electrode polarization [30, 31] or the slow 
ionic dynamics that modulate the electronic current [32, 
33]. The obtained  Rp,  Rs, and  Cp are plotted in Fig. 3b as 
a function of time. Both the first and the second irradia-
tions decreased  Rp by  (Rwithout-Runder)/Rwithout = 4.4%, and 
the interruptions returned  Rs to almost the initial value. 
The response time was about 7 min for both the irradia-
tion and interruption. In contrast to the slow variation of 
 Rp, the variation of  Rs and  Cp was fast, had the opposite 
direction of change, and showed a difference between 
the 1st and the 2nd irradiation.  Rs and  Cp varied very simi-
larly. The first γ-ray irradiation raised the values, and then 
immediately returned them to almost their pre-irradiation 

Fig. 2  Schematic of the device structure having an Ag/Pt-Pt lat-
eral electrode pair with a separation of 100 μm used for reversible 
resistance measurement and the I–V characteristics measured at 
three sweep rates

Fig. 3  (a) Impedance spectra of the device having the electrode 
structure shown in Fig.  2, with and without γ-ray irradiation. The 
spectra are fitted with the equivalent circuits shown in the inset, 
where Rs is the total interface resistors,  Rp and  Cp are the resistance 

and capacitor of the Ag-diffused GeTe matrix. (b)  Rp,  Rs, and  Cp plot-
ted as a function of time under the γ-ray irradiation at 0.5 kGy/h for 
20  min and without the γ-ray for 20  min. The cycle was repeated 
twice
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values in a few minutes, after which the value remained 
almost constant during the irradiation. The interruption 
of the irradiation dropped the values to less than the pre-
irradiation values with a response time less than the sweep 
time of 2 min. The second irradiation raised the values to 
their pre-irradiation levels, and the second interruption 
dropped them to the values after the first irradiation. Thus, 
the first irradiation reduced the base values of the  Rs and 
 Cp irreversibly, and the second irradiation induced revers-
ible switching of the values.

3.3  Reversible DC resistance variation

Following the impedance measurement, we performed 
the in-situ DC resistance measurement on the same device. 
The γ-ray irradiation at 0.5 kGy/h for 20 min reduced the 
resistance by about 2% and the interruption for 20 min 
recovered and increased it, as shown in Fig. 4. The time 
constant was about 3 min, both for the reduction and the 
increase. During the irradiation, the base resistance gradu-
ally irreversibly increased, possibly due to oxidation.

Next, we investigated reversible variations in the 
devices of relatively low resistances. Two electrode con-
figurations having a narrow separation of 10 μm were 
used: one was a simple electrode pair and the other was 
an interdigital electrode pair as shown in Fig. 5a and b. 
The voltage sweep was limited to ±0.1 V because the Ag 
filaments can be easily connected in the narrow electrode 
devices. Because in this voltage range the I–V curves were 
almost linear, the resistances at 0 V are plotted. The two 
narrow electrode configurations resulted in higher resist-
ances than those expected assuming a uniform current 

density and the same resistivity as that of the 100 μm 
wide electrode pair in Fig. 4. The resistance of the simple 
electrode pair was about 80 kΩ, which was about three 
times larger than the value of 5.5/190 MΩ expected from 
the value of 5.5 MΩ of the wide electrode device, 1/10th 
the separation and 1/19th the width. The resistance of 
the interdigital electrode was about 10 kΩ, which was 
about four times larger than the value of 5.5/2100 MΩ 
expected from the value of 5.5 MΩ, 1/10th the separation 
and 1/210th the total width. The higher resistance values 
are consistent with the composition distribution after Ag 
diffusion with fewer Ag-Te bonds and more Ge-O and Te-O 
bonds near the electrode than in the outer area, as shown 
in Fig. 1, resulting in a higher resistivity near the electrode 
than the other area. The result suggests that in the meas-
ured devices current flowed not through a specific path 
such as filaments or an interface, but rather flowed over 
the entire device area.

In the in-situ resistance measurements in the narrow-
electrode devices, current fluctuations often occurred at 
the beginning of irradiation. To suppress this, the measure-
ments were performed after three cycles of 3-min irradia-
tion. The γ-ray irradiation on the device with the simple 
electrode pair at a dose rate of 2 kGy/h for 1 h decreased 
the resistance by about 5%, and the interruption for 1 h 
recovered and increased it, as shown in Fig. 5a. The γ-ray 
irradiation on the device with the interdigital electrode 
pair at a dose rate of 2 kGy/h for 1 h decreased the resist-
ance by about 4%, and the interruption for 1 h recovered 
and increased it, as shown in Fig. 5b. In both devices, the 
reversible resistance variations were repeated three times 
with a time constant of about 7 min. Thus, although the 
surface area of the interdigital electrode pair was more 
than ten times larger than the simple pair, the γ-ray 
induced resistance variations were very similar. The inde-
pendence of the electrode configuration shows that the 
reversible resistance variation occurred not at a specific 
location or interface, but over the entire device area.

3.4  Mechanism of slow reversible resistance 
variation

The slow reversible variation observed in the DC resist-
ance and  Rp had time constants of 3–7 min for the γ-ray 
irradiation and interruption. The time constants suggest 
that the reversible variation involves Ag diffusion rather 
than the carrier dynamics. Three representative phe-
nomena of reversible Ag diffusion have been reported, 
induced by γ-ray, UV-light, and an external electric field. 
The first one is the γ-ray-induced Ag diffusion that can 
be reversed by long-term annealing. A recovery of the 
resistance after room temperature annealing for 75 h 
was reported in Ag/Ge30Se70. [9, 12]. The recovery was 

Fig. 4  DC resistance variations under and without γ-ray irradiation 
at a dose rate of 500 Gy/h, measured at 0.1 V after the impedance 
measurement



Vol.:(0123456789)

SN Applied Sciences (2020) 2:2111 | https://doi.org/10.1007/s42452-020-03927-0 Research Article

explained as being due to the built-in electric field that 
was reversed during γ-ray irradiation by different distri-
bution between excited electrons and holes. The sec-
ond one is photo-deposition, reported in the Ag-Ge-S 
system, in which the Ag conductive region was formed 
by a UV light and was dissolved or reversed into the 
matrix by thermal annealing, for example, at 100 °C for 
10 min [15, 16]. The photo-deposition was explained by 
assuming that the amorphous Ag-Ge-S was oversatu-
rated with Ag and metastable at room temperature. 
After illumination, the metastable system approached 
an equilibrium to segregate excess Ag and was dissolved 
by annealing due to increased solubility. The third one 
is the volatile resistance switching reported in Ag-Ge2S-
b2Te5 and Ag-GeTe8 [17–19], which is applied to selec-
tors in a crosspoint memory array. An external voltage 
bias application induced electrodeposition of Ag-rich 
conductive filaments, and no voltage application dis-
solved the filaments to return to the original state. The 
reversible conductive filament growth was explained by 
the competition between the electrodeposition and the 
dissolution with the aid of chemical potential gradient 

and electrolyte nonstoichiometry; the external voltage 
determined which process predominated.

In light of these characteristics of Ag diffusion in the 
Ag chalcogenides, we propose the following mechanism 
for the γ-ray induced reversible variation of the DC resist-
ance and  Rp. The observation of the redox peaks in Fig. 2 
arising from the electrochemical reaction of movable Ag 
ions demonstrated that the formation and dissolution 
of the conductive region are competitive even without 
γ-ray irradiation; in other words, the “irreversible” states, 
the resistances of which are shown in Fig. 1, result from 
the equilibrium of the competitive growth and dissolu-
tion except for the effect of oxidation. Irradiation by γ-ray 
produces electrons, holes, and Ag + ions. The positive and 
negative charges distribute differently, as in the process of 
photodoping [34]. We note that the distribution of excited 
electrons is rather important because GeTe is generally 
unintentionally p-doped (~1021 cm−3 [35]), and the num-
ber of excited holes is much smaller than that of the intrin-
sic holes. Because the electron affinity of GeTe is 4.8 eV [36] 
and the work function of polycrystalline Ag is 4.26 eV [37], 
Fermi level aligning at equilibrium makes a downward 

Fig. 5  Schematic and resist-
ance variations under and 
without γ-ray irradiation of the 
devices having (a) a simple 
lateral electrode pair with a 
separation of 10 μm and a 
width of 190 μm and (b) an 
interdigital electrode pair with 
a separation of 10 μm and a 
width of 390 μm
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band bending toward the Ag-GeTe interface. Therefore, 
negative charges are expected to move to the nearest 
electrode and positive charges are expected to move in 
the opposite direction. The dynamics of the excited car-
riers and ions makes the electric field distribution inside 
the device different from that without irradiation. The 
modified electric field distribution promotes re-diffusion 
of  Ag+ ions. The re-diffusion induces growth of the Ag-Te 
conductive region and formation of the impurity bands 
that can lead to an insulator-metal transition to decrease 
the resistance. On the other hand, interruption of the γ-ray 
returns the balance between growth and dissolution to 
that before irradiation with the aid of chemical potential 
gradient and electrolyte nonstoichiometry. One cause 
of the chemical potential gradient is negative enthalpy 
of mixing between Ag and Te throughout the composi-
tion range of Ag-Te alloy, the minimum being −20 J/ mol 
at the composition of  Ag2Te [38, 39]. The recovery time 
of 3–7 min at room temperature, which is much shorter 
than 75 h in an Ag/Ge30Se70 device, can be attributed to 
the characteristics of Ag in Te-based chalcogenides and 
the smallness of the structural variations that cause the 
resistance variation. In Ag-GeTe8, and Ag-Ge2Sb2Te5, Ag 
diffusion and dissolution were facilitated by non-bonded 
Te anions [17, 18] and longer Ag-Te bonds than other 
bonds [19]. In addition, the insulator-metal transition from 
amorphous to amorphous, as predicted by first-principles 
calculations of  (GeSe3)1 − xAgx [25], may contribute to the 
resistance variation. The calculations showed that stable 
amorphous phases with ∼108 times higher electronic con-
ductivity existed with only a small structural difference. 
Thus, even very small structural changes can cause resist-
ance changes of more than a few percent as observed.

3.5  Mechanism of fast variation

The Ag re-diffusion under γ-ray irradiation that induces the 
slow resistance variation of the DC resistance and  Rp is the 
key to understanding the fast variation found in the inter-
face resistance  Rs and the capacitance of the matrix  Cp. We 
explain the fast variation by the trapping and detrapping 
of carriers in the charged defects formed by the Ag re-
diffusion. Generally, charged defects in amorphous chal-
cogenides forms localized states in the band tail regions, 
and play a significant role in the DC and AC conduction 
[40–42]. We assume that in the first γ-ray irradiation, the 
Ag re-diffusion forms charged defects in addition to the 
intrinsic ones, because defect formation due to metal atom 
diffusion in semiconductors has been commonly observed 
[43]. In chalcogenide glasses, many models have been pre-
sented for the conduction mechanism. Poole-Frenkel ioni-
zation, field-induced delocalization of tail states, space-
charge limited currents, optimum channel hopping in thin 

films, optimum channel field emission, percolation band 
conduction, and transport through crystalline inclusions 
are all candidate explanations for the conduction [44]. All 
models involve localized states or local potential minima. 
Even in space-charge limited model, localized states are 
responsible for the low mobility for space charge–limited 
current. Therefore, we assume charged defects near an 
electrode are responsible for the conduction of Rs, and 
the electronic states of neutral defects do not contribute 
to the conduction significantly. The increase of  Rs under 
γ-ray irradiation is explained by trapping of carriers in 
the charged defects, which neutralizes them, as shown in 
Fig. 6a. In particular, trapping of electrons would mainly 
be responsible for variation of Rs, because the number 
of excited holes is much smaller than that of the intrinsic 
holes in the unintentionally p-doped GeTe. The recovery 
of  Rs is explained by detrapping process, which recharges 
them. The variation in  Rs for γ-ray irradiation and interrup-
tion is determined by that of the number of charged states 
as shown in Fig. 6b.

At the beginning of the first γ-ray irradiation,  Rs 
increases due to the trapping of carriers neutralizing the 
intrinsic charged defects. Then,  Rs is decreased by a grad-
ual formation of the additional charged defects caused 
by the Ag diffusion. The increase in  Rs by the neutraliza-
tion of charged defects and the decrease by the forma-
tion of additional charged defects almost cancel each 
other out and eventually saturate at a value close to the 
pre-irradiation one. When the irradiation is interrupted, 
detrapping of the carriers recharges the defects. The 
recharging decreases  Rs to less than the pre-irradiation 
value because the total number of charged defects after 
the first radiation is larger than that before irradiation due 
to the diffusion-induced charged defects. We assume that 
the re-diffusion of Ag in the second and subsequent γ-ray 
irradiation at the same dose rate follows the same path to 
generate no additional defects. Then, the γ-ray induced 
resistance variation becomes determined simply by the 
trapping and detrapping of the carriers in the charged 
defects, the number of which was fixed after the first irra-
diation. The trapping of the carriers generated by the sec-
ond and the subsequent γ-ray irradiation neutralizes the 
charged defects to increase  Rs to the saturated value dur-
ing the first irradiation, and the detrapping by the inter-
ruption recharges them to decrease  Rs to a value less than 
the pre-irradiation value.

The fast reversible variation of  Cp is explained by the 
trapping of carriers in the charged defects with a dielectric 
model of point charge defects in paraelectric perovskites, 
where the electric field from a charged point defect locally 
polarizes the surroundings to reduce its permittivity [45]. 
We apply this model to the charged defects of the Ag-GeTe 
for the following two reasons. First, a crystalline GeTe is a 
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ferroelectric material with a ferroelectric-paraelectric tran-
sition like perovskites [46, 47]. The ferroelectric properties 
of GeTe arise from the distortion of the unit cell [48], and 
persist even in colloidal nanocrystals of 5 nm in size [49]. 
Because the short-range order is generally maintained 
in the amorphous form, the model is applied to describe 
the surroundings of the charged defects in the amorphous 
matrix. Second, the model predicts a reduction of the 
capacitance when an external electric field is applied, by 
a process in which the electric field detraps the electrons 
trapped in the point defects and recharges the neutralized 
point defects. Such a reduced capacitance by applying 
an external electric field was reported in an amorphous 
Ag-doped  Ge17Te83, which exhibited a similar capacitive 
impedance to our Ag-GeTe [28].

Because of the existence of intrinsic charged defects, 
the pre-irradiation value of  Cp is lower than the ideal 
defect-free value. Under the first γ-ray irradiation, the 
intrinsic charged defects capture the excited carriers 
and are neutralized to recover or increase  Cp.  Cp is then 
decreased by the formation of additional charged defects 
by the re-diffusion of Ag. The increase in  Cp by the neu-
tralization of charged defects and the decrease by addi-
tional charged defects almost cancel each other out, and 
eventually saturate at a value close to the pre-irradiation 
one. When the irradiation is interrupted, the carriers are 
detrapped to recharge the defects. The recharging of the 
defects decreases  Cp to less than the pre-irradiation value 
because the total number of the charged defects after 

the first irradiation is larger than that before radiation by 
the diffusion-induced charged defects. In the second and 
subsequent γ-ray irradiation, the re-diffusion of Ag gener-
ates no additional defects, and the capacitance starts to 
exhibit reversible variation determined by the trapping 
and detrapping of the carriers in the charged defects. The 
trapping of carriers neutralizes the charged defects to 
increase  Cp to the value saturated during the first irradia-
tion, and the detrapping during the irradiation interrup-
tion recovers the charged defects to decrease  Cp to a value 
less than the pre-irradiation value.

4  Conclusions

We have revealed both the irreversible and reversible Ag 
diffusion and the resistance for γ-ray irradiation in amor-
phous GeTe thin films with Ag electrodes. The TOF-SIMS 
and DC resistance measurements showed that the irre-
versible Ag diffusion formed a conductive region that 
consisted of Ag-Te compounds. The γ-ray irradiation up to 
1 kGy broke the weakened bonds of the Ge and Te atoms 
distributed differently. The γ-ray of the dose above 1 kGy 
directly broke the Ge-Te and Ag-Te bonds to form Ge and 
Te oxides in the entire device. The in-situ real-time DC 
resistance and AC impedance measurements revealed 
reversible Ag re-diffusion, triggered by electric field modi-
fication due to the excited carriers and ions. The Ag re-
diffusion modified the conductive region, which induced 

Fig. 6  (a) Schematic energy 
band diagram during and 
after γ-ray irradiation. Trap of 
electrons and holes neutralizes 
charged defects  D+,  D− into 
 D0. Detrap recharges them. 
(b) Schematic representation 
of the variation in number of 
charged states as a function of 
time for γ-ray irradiation and 
interruption
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the slow, reversible DC resistance variation with a time 
constant of 3–7 min. The Ag re-diffusion formed additional 
charged defects. Trapping and detrapping of excited carri-
ers in the charged defects induced the fast reversible varia-
tions in  Rs and  Cp with a time constant less than the sweep 
time. We believe the observed reversible variation of the 
resistance and the impedance in a simple device structure 
paves the way toward the creation of a compact dose rate 
monitor with high radiation tolerance.
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