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Humidity influenced capacitance 
and resistance of an Al/DNA/Al 
Schottky diode irradiated by alpha 
particles
Hassan Maktuff Jaber Al-Ta’ii1,2, Yusoff Mohd Amin3 & Vengadesh Periasamy1

Deoxyribonucleic acid or DNA based sensors, especially as humidity and alpha particle sensors have 
become quite popular in recent times due to flexible and highly optimizable nature of this fundamental 
biomaterial. Application of DNA electronics allow for more sensitive, accurate and effective sensors 
to be developed and fabricated. In this work, we examined the effect of different humidity conditions 
on the capacitive and resistive response of Aluminum (Al)/DNA/Al Schottky barrier structure when 
bombarded by time-dependent dosages of alpha particles. Based on current-voltage profiles, which 
demonstrated rectifying behaviours, Schottky diode parameters such as ideality factor, barrier height 
and series resistance was calculated. Results observed generally pointed towards a decrease in the 
resistance value from the pristine to the radiated structures. It was also demonstrated that under the 
effect of humidity, the capacitance of the DNA thin film increased from 0.05894 to 92.736 nF, with 
rising relative humidity level. We also observed the occurrence of the hypersensitivity phenomena after 
alpha irradiation between 2 to 4 min by observing a drop in the series resistance, crucial in the study of 
DNA damage and repair mechanisms. These observations may also suggest the exciting possibility of 
utilizing Al/DNA/Al Schottky diodes as potentially sensitive humidity sensors.

�e quantity of water vapor in the atmosphere is called humidity, which a�ects all environmental biological and 
chemical processes. Humidity also negatively a�ects various industrial-manufacturing methods if proper steps 
are not taken. As such, humidity level in terms of relative humidity (RH) are closely monitored to reveal �uctua-
tions in situations ranging from high to low temperatures or in mixtures with other gases1. RH equals to the ratio 
between the quantity of wetness or content of air to the extreme (saturated) moisture level that the air can hold 
at a given pressure and temperature2. �erefore, RH values are recorded and studied extensively as it has many 
applications that includes improving indoor air quality for comfortable and healthy living conditions3.

Flexible, chipless and wireless humidity sensors are built based on the di�erence in dielectric constant (capac-
itive), proton/ionic conduction (resistive), refractive index (optical), frequency (impedance) or mass of the active 
material against humidity level4. Drop casting and spin coating are simple methods that can be used to sediment 
the active organic semiconductor at low temperatures. �ese e�ective processes may be applied in commer-
cial organic semiconductor technology as an alternative to the conventional inorganic semiconductor detecting 
materials5. Generally, humidity sensors can be divided into resistive, thermo elemental capacitive, oscillating, 
and mechanical types using sensitive organic materials6,7. �ere are several factors that act to determine the 
performance and the advantage of the humidity-measuring instrument. �ese include properties such as fast 
reaction time, physically and chemically stable active compounds, linear behavior, suitable detection range, good 
strength, resistance against pollution and cheaper fabrication cost8–11. In this context, deoxyribonucleic acid 
(DNA) has been reported to demonstrate properties useful for utilization as a humidity sensing material. For 
example, double-stranded DNA (dsDNA) structure is temperature stable up to 100 °C with low optical loss over 
a broad wavelength domain12.
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Han et al. and Otsuka et al. observed the RH value e�ect on the conductance of samples involving various 
DNA molecules. �ey reported that poly(dC)-poly(dG) sample demonstrated a higher sensitivity to RH13,14. �e 
activation energy was also observed to be lower than the poly(dT)-poly(dA) sample14. Tabata et al.15 meanwhile 
reported that the resistance of DNA �lm declined progressively with increasing moisture from 35 to 70%. �e 
dramatic resistance changes correspond to the variation in the charge conduction mechanism, which changes 
from electrical to ionic conduction15. Tuukkanen et al. observed that the conductivity of DNA of length 140 nm 
demonstrated insulating behaviors when placed in dry environment (about 30% RH). �is was in contrast to 
improved conductivity under moist environment (80–90% RH)16. In other works, Kleine-Ostmann et al. and 
Yamahata et al. observed and reported that the conductivity followed the increase in humidity level exponentially 
in dsDNA and single-strand DNA (ssDNA) due to the absorption of water molecules to the nanostructured �lm 
surface17,18. Yamada and Sugiyama observed the response of bio-matrices consisting of metals such as Co+2 and 
Ni+2 mixed with DNA. A color transition from blue to red with change in the UV absorption due to the humid-
ity e�ect was observed. �is type of sensors are �exible, non-hazardous and cheap to fabricate19. In another 
work, Paul et al. used DNA functionalized carbon nanotube (DFC) networks to develop a �eld e�ect transistor 
(FET)-based humidity sensor. �ey reported that the charge transfer mechanism between the DNA and the water 
molecules caused the exponential variation of conductance of the DFC network with RH20.

Structures of DNA are strongly influenced by the environmental conditions due to their polymorphic 
nature21,22, which may be utilized in various exciting applications23. In industry, the utilization of metal-oxide 
semiconductors24, conventional semiconductors25,26 and organic semiconductors27,28 have led to fabrication of 
high-speed Schottky diodes. Taniguchi et al. observed that the ionic conduction through water layers under 
atmospheric conditions was the dominant conduction mechanism by using the frequency (100-1 KHz). Utilizing 
micro- and nanoelectrodes of DNA �lm, they observed that the semicircle becomes smaller in the high frequency 
range at high humidity29. In another work, Bi et al. demonstrated that the sensitivity of Graphene Oxide (GO) 
at 1 KHz was higher than that at 100 Hz and 10 KHz of frequencies30. Chen et al. meanwhile found that for car-
bon �lm, the capacitive response at 1 kHz was over 200% for RH shi�ing from 11 to 95%, compared with other 
frequencies31. In our work, we chose the mid-frequency at 0.8 KHz since capacitance decreased with increase in 
frequency corresponding to the operating parameters of the LCR meter used.

Generally, the experiments involved measuring various diode parameters against bombardment of alpha par-
ticles under various humidity conditions. As such, the data provides information of humidity dependent elec-
tronic parameters of sensitive DNA sensing material. �e results, as clearly observed shows a distinct behavior 
speci�c to the humidity level used. �ese features, we believe, provides an e�ective avenue towards accurately and 
e�ectively sensing humidity �uctuations using the DNA molecules, which are totally biodegradable and abundant 
in nature besides having a high degree of �exibility. It is also very well known that humidity highly in�uences the 
semiconducting behavior of DNA, forming a solid reason behind the motivation into utilizing DNAs as a humid-
ity sensing organic material. �e experiments conducted in these studies have also brought to light the possibility 
of interrogating various important DNA related processes especially damage and repair mechanisms based on the 
occurrence of the interesting e�ect of hypersensitivity.

In this current study, we developed and utilized for the �rst time, a novel Al/DNA/Al surface-type Schottky 
diode as the humidity sensor. �e fabricated Schottky diodes are further studied by investigating the fundamen-
tal changes induced by di�erent time-dependent dosages of alpha particle irradiation on the DNA molecules. 
�is was achieved by measuring its electrical characteristics under controlled chamber humidity to establish its 
humidity sensing potentials.

Results and Discussion
Fig. 1(a) shows the relationship between capacitance and RH within the range from 20 to 99.9%. Measurements 
were taken for the Al/DNA/Al humidity sensor for non-radiated samples (2, 4, 6 and 8 min of irradiation) at 0.8 
KHz and 1 V29–31. From the experimental results, the capacitance was observed to increase with higher humidity, 
which demonstrates sensitivity to humidity in the studied range. Higher water molecule content at high humidity 

Figure 1. Capacitance versus relative humidity for the Al/DNA/Al humidity sensor. 
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levels increases dielectric permittivity constant, thereby acting to improve the capacitance of the device18,32. �is 
in turn increases conductivity as a result of the rise in electron transport along the dsDNA helix33. In the case 
of decreasing humidity, a deviation was observed instead. Table 1 shows the capacitance values in three distinct 
parts. In the range 99.9%, the highest capacitance values were 92.736, 62.103 and 55.102 nF for 2 min, 6 min and 
in non-radiated samples, respectively. For RH of 45%, 2 min registers the highest value (3.1506 nF) followed by 
8 min (0.44304 nF) and 4 min (0.30054 nF). �is trend changes again at RH value of 20%, where 2 min is the high-
est followed by 6 and 8 min (0.46463, 0.14945 and 0.1425 nF, respectively). In the last two cases, the non-radiated 
samples registered the lowest capacitance values contrary to the highest RH environment.

At high humidity levels, water molecules play an important role towards improvement in conductivity in 
which case, the increase in electron transfer along the dsDNA helix may lead to the improvement in charge con-
duction. �e charge transfer phenomena may therefore play an important role in the sensing mechanism, which 
could have primarily lead to the insigni�cant base-line shi� and faster recovery time. �is change in the electrical 
properties of the Al/DNA/Al structure due to the change in RH may therefore be generally attributed to the 
absorption of water molecules and the increase of the number of holes due to tracks made by the alpha particles 
upon bombardment.

In is known that alpha particles lead to primary and secondary ionizations in atoms upon interaction. �ese 
processes in turn produce several types of ions and excited molecules in cells ultimately causing intermolecular 
bond biomolecule cleavage. Cleavage occurs within the cytoplasm and other intracellular components besides 
the cell nucleus. As such, DNA molecule being double stranded exhibits cleavage in one or both the strands. �e 
DNA molecule has characteristic capability to repair single-strand damage; but a scission in double-stranded 
DNA repair to its original form is not trivial. However repair of double-stranded scission of the DNA molecule 
may cause gene mutations as a result of the exposure to radiation34.

Fig. 1(b) shows the relationship between capacitance-RH within the range of 20 to 99.9%. �e non-radiated 
samples showed a signi�cant increase with increasing humidity with a maximum at 75%. A�er which, the value 
begins to drop dramatically and the irradiated samples now register higher capacitance values. �e sample irradi-
ated for 2 min (92.736 nF) registers higher value compared to 6 (62.103 nF) and 4 min (33.549 nF).

�e relationship between humidity and the resistance within the range from 20 to 99.9% RH is demonstrated 
in Fig. 2(a). Here the resistance decreases with increasing humidity, which clearly depicts the sensitivity to humid-
ity in the studied range. Generally, the highest value was observed in the non-radiated samples in the 20 to 45% 
RH range, followed by samples irradiated for 2 and 4 min. In the case of decreasing RH environment (99.9–20%) 
the non-radiated samples still record the highest values until 30% RH. However, samples radiated for 8 min reg-
isters a higher resistance value in the 35–99.9% range. All other irradiated samples demonstrate higher values 
compared to the non-radiated samples in the 50–75% range. Fig. 2 demonstrates the trend for the resistance with 

Irradiation 
Time (min)

Capacitance (nF) Resistance (KΩ)

20% 45% 99.9% 20% 45% 99.9%

Non-radiated 0.05894 0.20463 55.102 1678 379.4 6.526

2 0.46463 3.1506 92.736 1512 153.3 1.801

4 0.103 0.30054 33.549 980.3 344.4 9.194

6 0.14945 0.29634 62.103 619.6 287.5 4.017

8 0.1425 0.44304 20.938 905.2 235.1 11.1

Table 1.  Capacitance and resistance values registered under di�erent relative humidity.

Figure 2. Relation between the capacitance and resistance with humidity for the Al/DNA/Al junctions. 
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RH, which shows a clear variation between the range 45–75% RH. �e trend in the resistance and capacitance 
can also be observed clearly above 45% RH as shown in Table 2. �e readout of the resistance values obtained 
from the device in response to the RH values was also achieved (Fig. 2(a)), which demonstrated the exponential 
decrease in the resistance values relative to the increasing RH. �e ionic dissociation of the water molecules may 
have led to this phenomenon that acts to increase the �lm conductivity. Capacitance values meanwhile initially 
increased gradually within the range 20–40% RH, followed by rapid rise within 45–99.9% range as shown in 
Fig. 2(b) depending on irradiation time (Table 1).

As discussed, the resistance in general decreased exponentially (Fig. 2(a)), while the capacitance increased 
following a S-shape (Fig. 2(b)). �is could be attributed to the charge transfer mechanism between the DNA and 
the water molecules. �e observed changes in the mechanism results from the decrease in resistance in response 
to increase in H2O molecule concentration and displacement currents, and the concentration of charge carriers 
doped by water molecules35, which causes an exponential variation of conductance of the DFC nanotube net-
works with the RH. �is is in contrast to observation by Paul et al., who in their work indicated that the reason 
for the low output signal current from the networks may be due to it being unsuitable for use in low RH sensors. 
Since the output signal current of the detector rises exponentially with increase in RH, the device display elevated 
sensitivity especially at higher RH20.

�e resistance meanwhile decreased exponentially and was attributed to adsorption of water molecules by the 
DNA. �is change is explained as follows; DNA consists of three portions; bases, sugars, and phosphoric acids. 
�e hydrophilic phosphoric acid around the base pairs of DNA caused the water molecules to be easily absorbed 
and form hydrogen bonds between the phosphoric acid and the water molecule. Resistance values quickly decline 
as the RH increases and tend to saturate for humidity above 99.9%. �ese phenomena agree with ionic conduc-
tion at higher humidity scale36. �e decline of resistance with increasing humidity meanwhile displays sensitivity 
to humidity within the studied range. Electronic instrument features are signi�cantly a�ected by absorption of 
water molecules on the surface of the DNA �lm being the active layer. Water molecules absorbed on the surface 
of the Al/DNA/Al �lm have great dipole momentum, which leads to the increase of the charge carrier density37. 
Number of alpha particle tracks acting as micro-scale pores as shown in Fig. 3 also plays a vital role in the charge 
conduction upon easy absorption of water molecules, which in turn decreases the resistance of the device.

Otsuka et al. studied the humidity in�uence on the electrical conductivity of DNA thin �lm13. �ey observed 
that the ionic conduction was overcome by the electrical conduction. �e capacitance values increasing with the 
increase in RH% indicated the proton transfer through the physically adsorbed layer of water, which improved 
with increasing humidity. At higher RH, the proton conductivity dominates the ionic conduction. As RH 
increases, intermolecular conductivity is increased rapidly mainly due to the increase of local dielectric con-
stant14. In the latter case, the exponential dependence of the conductivity was attributed to the adsorption of water 

Non-radiated 2 min 4 min 6 min 8 min

Slope (a) 0.02773 0.04214 0.03356 0.03889 0.03068

b − 2.8779 − 4.12762 − 3.40147 − 3.81196 − 2.90167

Adj. R-Square 0.99023 0.99199 0.98588 0.93011 0.98775

Sensitivity 0.6889 1.15484 0.4112 0.77539 0.26027

Table 2.  Sensitivity values and other parameters measured for the Al/DNA/Al Schottky barrier diode type 
humidity sensor.

Figure 3. Optical microscope (In�nite Focus, Alcona, Austria) image showing the number of alpha particle 
tracks on the Al/DNA/Al sensor a�er irradiation. 
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molecules on the nanostructured �lm surfaces. As a result of the current increasing with humidity, it is believed 
that the charge carriers are the H1 and OH− species produced by water adsorption. �e ions separate and recom-
bine according to the Grotthus mechanism, which describes the passing of protons through the cooperation of 
neighboring water molecules38.
Fig. 4(a) demonstrates the sensitivity of the pre and post-radiated Al/DNA/Al junctions in the RH range of 
20–99.9%. �e sensitivity showed an exponential behavior upon increase in the RH value. Highest value was 
observed at 2 min, while signi�cant increase in sensitivity was observed for 6 min under 75% RH. �e humidity 
detecting capabilities of this type of capacitive device rely on factors such as the gap between the electrodes and 
the area of the electrodes2. Al/DNA/Al device can be considered as a surface plate capacitor, assuming that the 
face edges of the electrodes act as parallel layers. As such, the capacitance of the sensor can be measured using the 
following method10,39,40.

= = εεC C A/d (1)eq o o

where Co is the initial capacitance, ε  represents the relative dielectric constant, ε o the absolute permittivity, A is 
equal to the area of the surface and d the distance between the electrodes. Eq. (2) meanwhile expresses the capac-
itance in�uenced by the humidity e�ect. �is equation can also be obtained by �tting the sensor under higher 
humidity levels;

= εε + −C A(1 m H)/d(1 m H) (2)o 1 2

where H is the relative humidity level and m1 and m2 are the constants. In the case of relative capacitance, Eq. (2) 
can be rewritten as;

= + −C/C (1 m H)/(1 m H) (3)o 1 2

From Eq. (3), the following simple equation can be derived;

= +C/C aH b (4)o

Fig. 4(b) shows the experimental and simulated results where the latter results were calculated using 
Eq. (4). Table 2 lists the sensitivity and value a of the slope in Fig. 4(b) and the value b from Eq. (4) for both the 
non-radiated and radiated structures (2, 4, 6 and 8 min).

Fig. 5 demonstrates the relationship between sensitivity and irradiation time. It shows that sensitivity �uctu-
ates with alpha radiation time, possibly due to the occurrence of the hypersensitivity phenomena indicated by 
the drop in sensitivity at four minutes. At this point, the DNA seeks to self-protect itself against the radiation and 
humidity e�ects as depicted by the survival curve phenomena demonstrated by Hassan et al.41 and others42–44.

Sensitivity is calculated using the following relation;
Sensitivity =  Capacitance at high humidity (99.9%) − Capacitance at low humidity (20%)/(high humidity - 

low humidity) as shown in Eq. (5).

= − −
. . .

S C C /RH RH (5)RH99 9 RH20% 99 9% 20%

�e dielectric constant from the �ts made from Eq. 4 was calculated and tabulated in Table 3. Values for the 
dielectric constant were calculated at RH =  50% for all the samples36, which was observed to peak at irradiation 
times of 2 and 6 min. It is expected that upon initial exposure to alpha particles, a deviation from the general 
dielectric constant value (in this case, about 5.73) could be observed. A maximum value of 8.21 is calculated 

Figure 4. Graph (a) demonstrates the sensor’s sensitivity and (b) shows the results for the capacitance- 
humidity relationship of the Al/DNA/Al humidity sensor.
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at irradiation time of 2 min, which indicates the onset of DNA damage. It is understood that tracks are formed 
upon bombardment of alpha particles. �ese tracks involve an increase in the number of charges due to the linear 
energy transfer (LET) from the alpha particle34,45,46. As a result of a large number of material excitation by these 
particles along its path, an increase in the number of charges can be expected. �is in then increases the dielectri-
cal constant as shown at 2 min of irradiation. Further irradiation however may initiate the self-repair mechanism 
within the DNA structure, e�ectively undergoing recombination. �is is calculated as a decrease in the dielectric 
constant at 4 min of irradiation. �ese process is continued accordingly with further irradiation until 8 min, 
where the dielectric constant becomes almost the same as with the non-radiated DNA (Fig. (6)).

Figure 5. Graph demonstrates the hypersensitivity phenomena of DNA at four minutes of irradiation time. 
�e dashed line illustrates the trend normally observed for other materials when there is no occurrence of the 
hypersensitivity phenomena as shown in a similar work with survival curve fraction with irradiation dose by 
Munetoshi et al.41.

Irradiation time 
(min) Slope (a.u)

Absolute 
dielectric 
constant

Log (dielectric 
constant)

0 0.02771 5.73 0.75800

2 0.04214 8.21 0.914

4 0.03356 6.77 0.8305

6 0.03889 7.59 0.8799

8 0.03068 5.77 0.76

Table 3.  Dielectric constant for DNA exposed to di�erent irradiation time.

Figure 6. Variations in the dielectric constant of DNA with irradiation time. 
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�e surface morphology of the Al/DNA/Al thin �lms was examined using Atomic Force Microscope (AFM) 
(Q-Scope Series, Ambios Technology, Germany) and shown in Fig. 7. �e “spongy” looking �lm surface consists 
of water molecules due to absorption and numerous tracks resulting from the alpha particle irradiation. �is also 
ensures e�cient distribution of the water molecules and therefore increases electrical response to the humidity. 
To evaluate the performance of the Al/DNA/Al sensor, it’s response and recovery behavior can be examined 
experimentally, which is considered one of the most signi�cant features for evaluating any type of sensors10,30,47.

�e pro�les in Fig. 8 demonstrate the capacitive response of the Al/DNA/Al structure exposed to a fast var-
iation of humidity (5–95% RH), which was observed to be rapid. �e electrical response of the sensor becomes 
unstable when exposed to a RH value of 95%, followed by a rapid and sharp change back to its unique values 
within 5 s upon replacing the tested vapor condition. Response and recovery time characteristics of the Al/DNA/
Al sensor were measured at a frequency of 800 Hz under a RH condition of 5%. According to the graphs in Fig. 8, 
the sensor response time (humidi�cation from 5% to 95% RH) was 26 s. �e relative capacitance of the sensor 
increased from 4.0 (5% RH) to 1188 nF (95% RH). When exposed to the maximum humidity of 95% RH, values 
observed were 106, 420, 34, 55 and 1188 nF for the non-radiated, 2, 4, 6 and 8 min, respectively, while the recovery 

Figure 7. AFM images of (a) non-radiated and (b,c) radiated Al/DNA/Al sensors.

Figure 8. Response-recovery graph for the Al/DNA/Al humidity sensor. 
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time (drying e�ect, 95 to 5% RH) was 78 s. Both types of responses (humidi�cation and drying) illustrates obvi-
ous changes due to some hysteresis e�ect48. �ese changes are highly dependent on the thickness of the structure49 
and may also be attributed to permanent structural defect due to the alpha irradiation.

�e electrical characteristics of the Schottky barrier height connections are very sensitive to the features of the 
metal-semiconductor (MS) interface. As such, the I–V characteristics of the connection are suitable displays of 
the interface features. For a Schottky barrier diode, the thermionic emission theory predicts that the I–V charac-
teristics at forward bias V are given by50;

=
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where A* =  120 Am−2K−2 is the e�ective Richardson constant for Al51, A is the diode area, K is the Boltzmann 
constant, q is the electronic charge, T is the temperature, n is the ideality factor and фb is the barrier height (in 
eV). For values of V >  3 KT/q, the ideality factor can be obtained from Eq. (6), be re-written as;

=










n
q

KT

dV

d ln I (8)

Fig. 9 provide the I–V characteristics of the fabricated Al–Al and Al/DNA/Al Schottky barrier diodes under 
normal (a) and high (b) humidity conditions. �e pro�les demonstrate highly rectifying behaviors with the pres-
ence of the DNA as observed from all the pro�les. Al–Al structures clearly show an ohmic behavior further con-
�rming the rectifying nature of the DNA layer.

�e ideality factor determined from the slope of the linear region of the forward bias (ln (I)–V) character-
istic through the relation in Eq. (8) is a measure of conformity of diode to pure thermionic emission52,53. �e 

Figure 9. Graphs demonstrate the relationship between current and voltage under di�erent humidity 
conditions. 
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ideality factor of the Al/DNA/Al junctions was larger than unity in the present work. An ideality factor greater 
than unity is generally attributed to the presence of a bias dependent distribution of low Schottky barrier height 
(SBH) patches (or barrier inhomogeneity), re-arrangement of electrons and holes in the depletion regions, and 
bias dependence of voltage of SBH54, the thickness of organic �lm55, series resistance56 and temperature57. Fig. 10 
demonstrates the fact that DNA is the sensing element and not the Al metal. �e ideality factor shows �uctuations 
of Al/DNA/Al based junctions fabricated in this work under the humidity condition calculated using Eq. (8). 
Fig 11 and 12 represent the forward and reverse I–V characteristics of the Al/DNA/Al Schottky diode before and 
a�er alpha irradiation under di�erent humidity conditions (76, 99.9% RH). It is found that both forward and 
reverse current generally increases a�er the irradiation. �e results of Fig. 9 agree with another work by Jo et al. 
obtained under di�erent humidity conditions. �e highly rectifying curve and inverted S shape in this work at 
high relative humidity are clearly attributed to water molecules adsorbed by the DNA. Dielectric constant increase 
lead to the increase of the ionic conduction58 which enhances the dissociation of water to H+ and OH− and the 
di�erent mobility between H+ and OH14. �e formation of electrical double layer through the redistribution of 
ions at the contacts between DNA molecules and electrodes leads to the highly nonlinear behavior seen on the 
I–V plots. Increasing RH also acts to increase the hysteresis14, which can be attributed to the increase in reverse 
current with dose as a result of generation of carriers in the bulk depletion region. Lattice defects are also induced 
due to the reverse current, which is proportional to the concentration of minority carriers near the junction.

�e values of series resistance are calculated from the junction resistance formula RS =  ∂ ∂V/ I from the I–V 
features of the diode. �e series resistance (RS) versus voltage of the surface type Schottky diode is demonstrated 
in Fig. 11. From the �gure, it can be concluded that at low voltages (≤ 2.0 V), RS values were the highest for 8, 2 
and 6 min, respectively in reducing order, followed by the sample radiated for 4 min and non-radiated at 76% RH. 
At 99.9% RH meanwhile, the series resistance values were the highest for 8 min, non-radiated and 2 min in reduc-
ing order followed by the sample radiated for 4 and 6 min. However above 2.0 V, the series resistance values 
become insigni�cant.

From Fig. 11(a,b), the shunt resistance becomes the highest at 1 V for all the samples and under the humidity 
condition. However, from Fig. 11(c), the series resistance at 99.9% RH reduces compared to at 76% RH due to the 
increase in H2O molecules (Table 4).

According to Ha et al., the electronics properties of DNA such as the I–V pro�les are generally in�uenced by 
the contact, bulk (DNA channel) and intermolecular features under humidity e�ect14. It could be also assumed 
that the majority of response is initiated by the the Schottky metal (Al)-semiconductor (DNA) contact.

Fig. 12 shows the tracks of alpha particles on the DNA film irradiated for 2 min using a Field Emission 
Scanning Electron Microscope (FESEM). �e tracks seen in the image are similar to pores, agreeing well with the 
honeycomb structure that has been demonstrated for its’ potential applications in electronic, optical and micro-
mechanical devices59,60.

Conclusions
Humidity sensing properties of the DNA �lms deposited by drop casting method were investigated. Electrical 
characterization studies were carried-out using I–V pro�les under humidity �uctuations and Schottky diode 
parameters such as ideality factor (n), barrier height (ф) and series resistance (RS) were extracted. �e results 
generally indicate an increase in the ideality factor with increasing humidity, while the series resistance and the 
barrier height values register attenuations with increase in the humidity. �e in�uence of RH on capacitance and 
resistance of the sensor was studied in the humidity range of 20 to 99.9% RH. �e sensors fabricated in this work 
demonstrated higher sensitivity across all the humidity range tested. Results also indicated that with the rise 
in humidity, capacitance increases while the device resistance dropped. Resistance and capacitance-humidity 
relationships recorded signi�cant variations in the range of 50–99.9% and 45–75% RH. �e resistance of the �lm 
generally reduced from a high of 1678 to a low of 6.523 KΩ  and 1512 to 1.801 KΩ  for the non-radiated and 2 min 

Figure 10. Pro�les demonstrate the relation between ln I–V under irradiation e�ect and humidity 
condition. 
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of alpha irradiation, respectively. �e series resistance value increased a�er the irradiation for 2 min, followed by 
a decrease at 4 min (≈ 53.0755 KΩ ) for characteristic to the hypersensitivity phenomena, which may correspond 
directly to the damage and repair mechanism in DNA, It was also shown that under the e�ect of increasing 
humidity, the capacitance of DNA thin �lm increased from 0.05894 to 92.736 nF for both the non-radiated and 

Figure 11. Pro�les in (a) shows the relationship between the resistance and the voltage at 76% RH, (b) 
demonstrates the behavior of resistance against voltage at 99.9% RH and (c) the relation between the series 
resistance and irradiation time for 76 and 99.9% RH.

Figure 12. �e alpha particle tracks on DNA �lm irradiated for 2 min. 

Irradiation Time 
(min)

n Ф (eV) Rs (KΩ)

RH 76% RH 99.9% RH 76% RH 99.9% RH 76% RH 99.9%

Non-Radiated 1.04102 1.09508 0.5809 0.5807 134.2362 54.33274

2 1.0005 1.1694 0.7142 0.6469 162.9461 19.8621

4 1.0291 1.30604 0.6327 0.6026 53.0755 16.0481

6 1.12012 1.23286 0.6084 0.5855 117.12803 30.03404

8 1.8923 1.25231 0.7284 0.6308 131.4886 20.6821

Table 4.  �e values of the Schottky diode parameters.
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irradiated samples. �ese observations show the exciting possibility of utilizing Al/DNA/Al Schottky barriers 
as potentially sensitive humidity sensors and may even provide a platform to allow the study of charge transfer 
mechanism in DNA damage and repair processes.

Materials and Methods
Preparation of DNA solution. A simple preparation procedure of mushroom DNA extracted from colonies 
of fruiting bodies was used for Polymerase Chain Reaction (PCR) ampli�cation. �e procedure starts with the 
collection of minute quantities of mycelium (0.1–1.0 g) from a colony of the fruiting body (Stipe) of a mushroom 
species using a sterilized tweezer. Standard procedures according to Hibbett et al.61 were further employed to 
yield pure DNA samples prior to the PCR process. �e DNA of all samples was ampli�ed by PCR (PTC–100 TM,  
MJ Research Inc., Ramsey, MN, USA) using universal primers ITS1 forward (5′ -TCC GTA GGTGA AC 
CTGCGG-3′ ) and ITS4 reverse (5′ -TCCTCCGCTT ATT GATATGC-3′ ). Ampli�cation reactions were per-
formed in a total volume of 50.0 µ l containing 10×  PCR bu�er 4.0 µ l, dNTP mix, 2.5 µ l of each primer, 1.0 µ l of 
Taq polymerase (Cosmo, Seongnam-si, Gyeonggi-do, Korea), 4.0 µ l of genomic (Template DNA), and 26.0 µ l of 
sterilized distilled water. PCR ampli�cation was carried-out in 30 cycles at 94 °C for 30 min and denatured at 50 °C 
for 60 min, followed by annealing at 72 °C for an extension of 1 min. Initial denaturing at 95 °C was extended to 
5 min and the �nal extension was at 72 °C for 5 min62,63.

Fabrication of the Al/DNA/Al sensor. A glass substrate was cleaned for 15 min using deionized water 
(18.2 MΩ.cm, Barnstead Nanopure II water system, Lake Balboa, CA, USA) in an ultrasonic cleaner and later 
dried in a dust-free environment. �in �lms of Al (thickness ~325 nm) were deposited on the glass substrate using 
an Edward Auto 306 vacuum coater with a di�usion pumping system (Edward Auto 306, West Sussex, United 
Kingdom) and Al metal wire (Kurt J. Lesker, Hudson Valley, PA, USA) of 99.999% purity). While depositing the 
Al thin �lm, the pressure inside the chamber was kept at 10−5 mbar, whereas the deposition rate was maintained 
at 0.1 nm/s and the gap length and width of gaps (between the electrodes) was 25 mm and 400 µ m, respectively. 
A�er which, formation of the organic DNA layer was carried-out by using a micro-syringe (Hamilton micro 
syringe, 10 µ l) containing the pre-prepared DNA solution (concentration of 1.80 ng/µ l). �e fabricated device was 
then kept in a 1 K Cleanroom to allow self-assembly overnight. Sample irradiation by alpha particles was achieved 
using a 241Am source with an activity of 150 nCurie and t1/2 of 457 years for periods of 2, 4, 6 and 8 min. �e top 
and cross-sectional view of the Al/DNA/Al surface-type Schottky diode fabricated is shown in Fig. 13.

Figure 13. Image (le�) and schematic diagram (right) of the Al/DNA/Al humidity sensor. 

Figure 14. �e experimental setup used in the work using LCR and humidity meters (photo credit 
by Hassan Maktu� Jaber Al-Ta’ii) from the Low Dimensional Materials Research Centre (LDMRC), 
Department of Physics, University of Malaya. 
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�e humidity meter and the Al/DNA/Al placed in a closed chamber were exposed to irradiation of alpha 
particles in a controlled humidity environment. �e chamber has built-in input and output valves for gas �ow. 
Nitrogen gas was then passed through water and then channeled into the chamber to control and maintain a cer-
tain humidity level within the chamber. LCR Meter (Instruments Instek LCR-829 LCR Meter) was used to meas-
ure the capacitance of the sensor. �e in-situ capacitance and resistance values versus RH measurements of the 
Al/DNA/Al sensor at ambient temperature (25 ±  1 °C), were carried-out by placing the device in the hermetically 
sealed humidity chamber capable of providing a humidity range of 20–99.9% RH. Fig. 14 illustrates the experi-
mental setup used for the measurements. Direct I–V measurements were carried-out under relative humidity for 
76% and 99.9% using a Keithley 236 Source Measurement Unit (SMU).

References
1. Stetter, J. R., Penrose, W. R. & Yao, S. Sensors, Chemical Sensors, Electrochemical Sensors, and ECS. J Electrochem Soc. 150, S11–S16 

(2003).
2. Farahani, H., Wagiran, R. & Hamidon, M. N. Humidity Sensors Principle, Mechanism, and Fabrication Technologies: A 

Comprehensive Review. Sensors. 14, 7881–7939 (2014).
3. Kulwicki, B. M. Humidity Sensors. J Am Ceram Soc. 74, 697–708 (1991).
4. Mogera, U., Sagade, A. A., George, S. J. & Kulkarni, G. U. Ultrafast response humidity sensor using supramolecular nano�bre and its 

application in monitoring breath humidity and �ow. Sci Rep. 4, 1–9 (2014).
5. Ahmad, Z., Zafar, Q., Sulaiman, K., Akram, R. & Karimov, K. S. A humidity sensing organic-inorganic composite for environmental 

monitoring. Sensors. 13, 3615–3624 (2013).
6. Ramaprasad, A. & Rao, V. Chitin–polyaniline blend as humidity sensor. Sens Actuators, B. 148, 117–125 (2010).
7. Huang, J.-R., Li, M.-Q., huang, Z.-Y. & Liu, J.-H. A novel conductive humidity sensor based on �eld ionization from carbon 

nanotubes. Sens Actuators, A. 133, 467–471 (2007).
8. Wang, S. et al. Organic/inorganic hybrid sensors: A review. Sens Actuators, B. 182, 467–481 (2013).
9. Rittersma, Z. M. Recent achievements in miniaturised humidity sensors—a review of transduction techniques. Sens Actuators, A. 

96, 196–210 (2002).
10. Azmer, M. I., Ahmad, Z., Sulaiman, K. & Al-Sehemi, A. G. Humidity dependent electrical properties of an organic material 

DMBHPET. Meas. 61, 180–184 (2015).
11. Traversa, E. Ceramic sensors for humidity detection: the state-of-the-art and future developments. Sens Actuators, B. 23, 135–156 

(1995).
12. Bonea, A., Rau, I., Tane, A. & Svasta, P. E�ects of temperature and humidity on DNA-based biopolymers. J Optoelectron Adv M. 14, 

511–516 (2012).
13. Otsuka, Y. et al. In�uence of humidity on the electrical conductivity of synthesized DNA �lm on nanogap electrode. Jpn J Appl Phys. 

41, 891–894 (2002).
14. Ha, D. H. et al. Humidity e�ects on the conductance of the assembly of DNA molecules. Chem Phys Lett. 355, 405–409 (2002).
15. Tabata, H. et al. Toward the DNA electronics. Synt Met. 133–134, 469–472 (2003).
16. Tuukkanen, S. et al. Dielectrophoresis of nanoscale double-stranded DNA and humidity e�ects on its electrical conductivity. Appl 

Phys Lett. 87, 183102–183103 (2005).
17. Kleine-Ostmann, T. et al. Conductivity of single-stranded and double-stranded deoxyribose nucleic acid under ambient conditions: 

�e dominance of water. Appl Phys Lett. 88, 102102–102103 (2006).
18. Yamahata, C. et al. Humidity Dependence of Charge Transport through DNA Revealed by Silicon-Based Nanotweezers 

Manipulation. Biophys J. 94, 63–70 (2008).
19. Yamada, M. & Sugiyama, T. Utilization of DNA-metal Ion Biomatrix as a Relative Humidity Sensor. Polym J. 40, 327–331 (2008).
20. Paul, A., Pramanick, B., Bhattacharya, B. & Bhattacharyya, T. K. Deoxyribonucleic acid functionalized carbon nanotube network as 

humidity sensors. IEEE Sens J. 13, 1806–1816 (2013).
21. Ma, D.-L., Chan, D. S.-H. & Leung, C.-H. Group 9 organometallic compounds for therapeutic and bioanalytical applications. Acc 

Chem Res. 47, 3614–3631 (2014).
22. Cerreta, A., Vobornik, D., Dietler, G. & Fine, D. N. A. structure revealed by constant height frequency modulation AFM imaging. 

Eur Polym J. 49, 1916–1922 (2013).
23. Steckl, A. J. DNA–a new material for photonics? Nature Photon. 1, 3–5 (2007).
24. Chen, W.-C. et al. Room-temperature-processed �exible n-InGaZnO/p-Cu2O heterojunction diodes and high-frequency diode 

recti�ers. J Phys D: Appl Phys. 47, 365101–365107 (2014).
25. Seo, J.-H. et al. Investigation of various mechanical bending strains on characteristics of flexible monocrystalline silicon 

nanomembrane diodes on a plastic substrate. Microelectron Eng. 110, 40–43 (2013).
26. Qin, G. et al. Fabrication and characterization of �exible microwave single-crystal germanium nanomembrane diodes on a plastic 

substrate. IEEE Trans Electron Dev. 34, 160–162 (2013).
27. Lin, C.-Y. et al. High-frequency polymer diode recti�ers for �exible wireless power-transmission sheets. Org Electron. 12, 1777–1782 

(2011).
28. Cvetkovic, N. V. et al. Organic half-wave recti�er fabricated by stencil lithography on �exible substrate. Microelectron Eng. 100, 

47–50 (2012).
29. Taniguchi, M., Otsuka, Y., Tabata, H. & Kawai, T. Humidity Dependence of Electrical Resistivity in Poly (dG)· Poly (dC) DNA �in 

Film. Jpn J Appl Phys. 42, 6629–6630 (2003).
30. Bi, H. et al. Ultrahigh humidity sensitivity of graphene oxide. Sci Rep. 3, 1–7 (2013).
31. Chen, H.-J., Xue, Q.-Z., Ma, M. & Zhou, X.-Y. Capacitive humidity sensor based on amorphous carbon �lm/n-Si heterojunctions. 

Sens Actuators, B. 150, 487–489 (2010).
32. Ahmad, Z., Sayyad, M. H., Saleem, M., Karimov, K. S. & Shah, M. Humidity-dependent characteristics of methyl-red thin �lm-based 

Ag/methyl-red/Ag surface-type cell. Physica E. 41, 18–22 (2008).
33. Armitage, N., Briman, M. & Grüner, G. Charge transfer and charge transport on the double helix. Phys Status Solidi B. 241, 69–75 

(2004).
34. Knapp, F. R. & Dash, A. Radiopharmaceuticals for �erapy, 1 st, Ch. 3, 40–44 (Springer India), 2016).
35. Karimov, K. S. et al. Humidity sensing properties of Cu2O-PEPC nanocomposite �lms. J Semicond. 33, 073001–073005 (2012).
36. Leveritt, J. M. III., Dibaya, C., Tesar, S., Shrestha, R. & Burin, A. L. One-dimensional con�nement of electric �eld and humidity 

dependent DNA conductivity. J Chem Phys. 131, 245102–245120 (2009).
37. Aziz, F. et al. In�uence of humidity conditions on the capacitive and resistive response of an Al/VOPc/Pt co-planar humidity sensor. 

Meas Sci Technol. 23, 014001–014008 (2012).
38. Kumemura, M. et al. Single DNA molecule isolation and trapping in a micro�uidic device. Chem Phys Chem. 8, 1875–1880 (2007).
39. Yaworski, B. M. & Detlaf, A. A. Handbook of physics, 3rd. (USSR: Nauka Publishers, 1968).
40. Karimov, K. S., Sulaiman, K., Ahmad, Z., Akhmedov, K. M. & Mateen, A. Novel pressure and displacement sensors based on carbon 

nanotubes. Chin Phys B. 24, 0188011–0188014 (2015).



www.nature.com/scientificreports/

13Scientific RepoRts | 6:25519 | DOI: 10.1038/srep25519

41. Hassan, M. A.-T. i., Khalid, D. A. & Faika, A. A. Observation of Hypersensitivity Phenomena in E-coli Cells a�er Irradiation by 
Alpha Particles. Ra�d j sci. 20, 113–120 (2009).

42. Chiu, S.-M., Oleinick, N. L., Friedman, L. R. & Stambrook, P. J. Hypersensitivity of DNA in transcriptionally active chromatin to 
ionizing radiation. Biochim Biophys Acta. 699, 15–21 (1982).

43. Joiner, M. et al. Hypersensitivity to very-low single radiation doses: its relationship to the adaptive response and induced 
radioresistance. Mutat Res Fund Mol Mech Mut. 358, 171–183 (1996).

44. Maeda, M., Usami, N. & Kobayashi, K. Low-dose hypersensitivity in nucleus-irradiated V79 cells studied with synchrotron X-ray 
microbeam. Journal of radiation research. 49, 171–180 (2008).

45. Al-Ta’ii, H. M. J., Periasamy, V. & Amin, Y. M. Detection of alpha particles using DNA/Al Schottky junctions. J Appl Phys. 118, 
1145021–1145027 (2015).

46. Al-Ta’ii, H., Periasamy, V. & Amin, Y. Electronic Characterization of Au/DNA/ITO Metal-Semiconductor-Metal Diode and Its 
Application as a Radiation Sensor. Plos One. 11, e0145423–e0145423 (2015).

47. Zhang, Y. et al. A novel humidity sensor based on Na 2 Ti 3 O 7 nanowires with rapid response-recovery. Sens Actuators, B. 135, 
317–321 (2008).

48. Li, Y., Yang, M. & She, Y. Humidity sensors using in situ synthesized sodium polystyrenesulfonate/ZnO nanocomposites. Talanta. 
62, 707–712 (2004).

49. Chani, M. T. S. et al. Humidity sensors based on aluminum phthalocyanine chloride thin �lms. Physica E. 45, 77–81 (2012).
50. Tuğluoğlu, N. & Karadeniz, S. Analysis of current–voltage and capacitance–voltage characteristics of perylene-monoimide/n-Si 

Schottky contacts. Curr Appl Phys. 12, 1529–1535 (2012).
51. Farag, A. & Yahia, I. Recti�cation and barrier height inhomogeneous in Rhodamine B based organic Schottky diode. Synt Met. 161, 

32–39 (2011).
52. Reddy, V. R., Reddy, M. S. P., Lakshmi, B. P. & Kumar, A. A. Electrical characterization of Au/n-GaN metal–semiconductor and Au/

SiO 2/n-GaN metal–insulator–semiconductor structures. J Alloys Compd. 509, 8001–8007 (2011).
53. Gupta, R. & Yakuphanoglu, F. Photoconductive Schottky diode based on Al/p-Si/SnS 2/Ag for optical sensor applications. Sol 

Energy. 86, 1539–1545 (2012).
54. Sze, S. M. & Ng, K. K. Physics of semiconductor devices. (John wiley & sons 2006).
55. Karataş, Ş. & Türüt, A. �e determination of interface state energy distribution of the H-terminated Zn/p-type Si Schottky diodes 

with high series resistance by the admittance spectroscopy. Vacuum. 74, 45–53 (2004).
56. Aydoğan, Ş., Güllü, Ö. & Türüt, A. Fabrication and electrical properties of Al/aniline green/n-Si/AuSb structure. Mater Sci Semicond 

Process. 11, 53–58 (2008).
57. Cheung, S. & Cheung, N. Extraction of Schottky diode parameters from forward current‐voltage characteristics. Appl Phys Lett. 49, 

85–87 (1986).
58. Jo, Y.-S., Lee, Y. & Roh, Y. E�ects of humidity on the electrical conduction of lambda-DNA trapped on a nano-gap Au electrode. J 

Korean Phys Soc. 43, 909–913 (2003).
59. Masuda, H. & Fukuda, K. Ordered metal nanohole arrays made by a two-step replication of honeycomb structures of anodic 

alumina. science. 268, 1466–1468 (1995).
60. Varghese, O. K. & Grimes, C. A. Metal oxide nanoarchitectures for environmental sensing. J Nanosci Nanotechnol. 3, 277–293 

(2003).
61. Hibbett, D. & Forensic, D. N. A. mini-prep using the E. Z. N. A. kit.2013.Available online: at http://www.clarku.edu/faculty/

dhibbett/protocols.htm (accessed on 20 October 2013).
62. Imtiaj, A., Lee, T. & Ohga, S. Sequence Variation of Pleurotus Species Collected From Eastern Asia. Micol Aplicada Int. 23, 1–10 

(2011).
63. Cubero, O. F., Crespo, A., Fatehi, J. & Bridge, P. D. DNA extraction and PCR ampli�cation method suitable for fresh, herbarium-

stored, lichenized, and other fungi. Plant Sys Evol. 216, 243–249 (1999).

Acknowledgements
Financial assistance provided by the PG202-2014B, FRGS (FP004-2013A) and UMRG (RG321-15AFR) grants are 
greatly appreciated. �e �rst author would like to thank the Ministry of Higher Education and Scienti�c Research 
of Iraq for the �nancial assistance provided for his PhD study.

Author Contributions
H.M.J.A.-T. and V.P. conceived and designed the experiments; H.M.J.A.-T. performed the experiments; 
H.M.J.A.-T. and V.P. analyzed the data; V.P., H.M.J.A.-T. and Y.M.A. contributed reagents/materials/analysis tools; 
H.M.J.A.-T. and V.P. wrote the paper. All authors reviewed the manuscript.

Additional Information
Competing �nancial interests: �e authors declare no competing �nancial interests.

How to cite this article: Al-Ta’ii, H. M. J. et al. Humidity in�uenced capacitance and resistance of an  
Al/DNA/Al Schottky diode irradiated by alpha particles. Sci. Rep. 6, 25519; doi: 10.1038/srep25519 (2016).

�is work is licensed under a Creative Commons Attribution 4.0 International License. �e images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/

http://www.clarku.edu/faculty/dhibbett/protocols.htm
http://www.clarku.edu/faculty/dhibbett/protocols.htm
http://creativecommons.org/licenses/by/4.0/

	Humidity influenced capacitance and resistance of an Al/DNA/Al Schottky diode irradiated by alpha particles
	Introduction
	Results and Discussion
	Conclusions
	Materials and Methods
	Preparation of DNA solution
	Fabrication of the Al/DNA/Al sensor

	Additional Information
	Acknowledgements
	References


