
Humidity Sensors
 Modulation of Electron Tunneling in a Nanoparticle Array 
by Sound Waves: An Avenue to High-Speed, 
High-Sensitivity Sensors 
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 Using an electrostatic self-assembly process, metal nanoparticles are deposited on 
polyelectrolyte fi bers such that the interparticle distance between the nanoparticles 
is comparable to the polyelectrolyte’s molecular width. By modulating the dielectric 
properties of the interparticle polymer layer, a highly sensitive, reversible humidity 
sensor with an ultrafast response time of  ≈ 3 ms is demonstrated. The higher sensitivity 
at low humidity shows a conductivity increase by over two orders of magnitude in 
response to a change in relative humidity from 21 to 1%. 
  1. Introduction 

 Nanostructures, such as carbon nanotubes, silicon 

nanowires, [  1–4  ]  and metal and semiconducting nanoparticles, [  5  ]  

are proving to be effective components to build stand-alone 

electronic devices with a broad range of potential applica-

tions, for example, biosensors, [  6–10  ]  logic circuits, [  11–13  ]  and 

hybrid devices with live cells. [  14–19  ]  The uniqueness in terms 

of novel functionality, sensitivity, and in some cases the ease 

of fabrication (compared to microelectronics) is quite evi-

dent. For example, by measuring the modulation of electrical 

properties, carbon nanotubes can measure the velocity of 

electrolytes, [  20  ]  operate as a logic device providing its own cir-

cuitry, [  11–13  ]  and make pressure-sensitive devices. [  21  ]  Recently, 

semiconducting nanowires (Si, ZnO, etc.) have also emerged 

as viable nanomaterials with unique applications, such as pro-

duction of electrical energy by mechanical vibration, [  22  ]  detec-

tion of viruses [  3  ,  23  ]  and other biomolecules, [  3  ]  and performance 

of logic operations. [  24  ]  For nanoparticle-based systems that 

possess similar distinctions of functioning as stand-alone 

electronic devices, such as a single-electron transistor [  5  ,  25  ]  

and electronic switch based on a negative-differential 
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resistor, [  26–28  ]  the progress towards practical devices has been 

slower primarily due to the challenge of integrating them with 

conventional microelectronic circuitry. Self-assembled arrays 

of particles, on the other hand, have been developed to make 

a broad range of devices, for example, solar cells, [  29  ,  30  ]  highly 

sensitive electronic devices on live bacteria, [  14–16  ]  a battery, [  31  ]  

and an electronic skin with touch sensitivity comparable to 

that of the human fi nger. [  32  ]  For practical device applications, 

one-dimensional nanostructures, such as nanotubes and wire, 

have a distinct advantage in terms of integration with power 

and signal I/O (input/output). 

 Herein, we report an approach to fabricate an electri-

cally conducting one-dimensional functional structure by 

self-assembling negatively charged Au nanoparticles on a 

positively charged polyelectrolyte microfi ber. Because of 

interparticle repulsion between the similarly charged nano-

particles, a major challenge is to achieve close proximity for 

good electrical contact. The coulombic repulsion between 

the particles is overcome by charge compensation from 

positively charged poly(allyl hydrochloride) (PAH) depos-

ited on the fi ber. Furthermore, the thickness of the polymer 

layer between the nanoparticles is calculated to be  ≈ 0.17 nm, 

which is close to the lateral thickness of a single polymer 

chain. The potential of the device is realized for its sensitivity 

to water adsorption and desorption on the molecular junc-

tions between nanoparticles. Specifi cally, the device exhibits a 

reversible change in conductivity by over two orders of mag-

nitude in response to a change in relative humidity (rH) from 

21 to 1%. The high sensitivity is attributed to a) the charge-

transport mechanism being electron tunneling, which has 

exponential dependence on the dielectric constant between 
1H & Co. KGaA, Weinheim wileyonlinelibrary.com
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    Figure  2 .     a) Current –voltage ( I – V ) behavior of a 25  μ m fi ber device, where voltage is increased 
from 0 to 3 V with a step size of 100 mV. The  I – V  results are shown at two humidity values (1.5 
and 21% rH). Notice the small curvature in the curve. Insets: a.1) Log chart of  I – V  showing 
that the  I – V  behavior at the two humidity values is similar; a.2) differential conductivity of the 
device in nS, showing an increase in differential conductivity with voltage, which indicates 
the nanoparticle’s coulomb blockade effect. b) Current versus temperature (100/ T ) data at 
3 V bias for a 25  μ m fi ber device. The activation energy for electron transport of 0.25 meV 
indicates that electron transport is through electron tunneling.  
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nanoparticles, and b) the cumulative con-

tribution of the over 10 3  nanoparticle–

polymer–nanoparticle junctions in the 

percolating channel. Furthermore, since 

the change in conductivity is via a direct 

change in electron-tunneling barrier and 

not from a change in ionic-charge den-

sity or chemical gating, the device shows 

a much superior ultrafast response time of 

 ≈ 3 ms, in contrast to 2–30 s for humidity 

devices based on ionic conductivity and 

chemical gating. 

   2. Device Fabrication 

 The device is fabricated on a silica sub-

strate with predeposited gold electrodes 

7  μ m apart. The silica substrate is cleaned 

and hydroxyl groups are introduced on the 

surface by oxygen-plasma treatment. Sub-
sequently, the substrate is washed with  n -octadecyltrichlorosi-

lane for 2 h to deposit a hydrophobic monolayer on the silica 

surface. To make the gold surface hydrophobic, the substrate 

is washed with 1% dodecylthiol solution overnight. A 40% 

solution of positively charged polyelectrolyte PAH solution is 

then spun to make microfi bers, which are placed across the 

electrodes on the hydrophobic substrate. The chip is subse-

quently baked in the presence of atmospheric oxygen for 6 h 

to bond the fi ber to the silica surface. The baking step is cru-

cial to avoid the PAH fi ber being washed away during subse-

quent processing. Also, without the baking process, the fi bers 

dewet forming chains of beads in 48 h. After baking, the chip 

is washed with deionized (DI) water to remove excess PAH. 

The excess PAH does not deposit elsewhere on the chip since 

all the other surfaces are hydrophobic. The remaining PAH 
www.small-journal.com © 2011 Wiley-VCH Verlag Gm

    Figure  1 .     Scanning electron microscopy (SEM) image showing 30 nm 
gold particles deposited on PAH fi ber 2  μ m in diameter deposited 
across 7- μ m-wide gold electrode pads. Scale bar: 5  μ m. Inset: High-
magnifi cation SEM image of nanoparticles deposited on PAH fi ber. The 
image shows that the deposition is percolating and the density is the 
same on the gold pad and silica.  
on the surface forms stable fi bers with excellent adhesion to 

the substrate. The substrate is fi nally immersed in negatively 

charged gold nanoparticle solution for 8 h to form an elec-

trically percolating array of nanoparticles ( Figure    1  ). As seen 

in Figure  1 a, a multilayer deposit of nanoparticles is obtained, 

which indicates that the nanoparticles diffuse into the fi ber. The 

deposition density after 8 h is  ≈ 1000 nanoparticles  μ m  − 2 . The 

negatively charged nanoparticles are expected to crosslink 

the PAH in the fi ber, thus making the device mechanically 

stable. Using this method, various devices with fi ber diameters 

ranging from 1.5 to 25  μ m were fabricated (see Figure 6 of the 

Supporting Information).  

   3. Results and Discussion 

 A two-point conductivity measurement of a device with a 

25  μ m fi ber between electrodes with voltage ramping from 0 to 

3 V in step sizes of 100 mV shows that the device exhibits nom-

inally ohmic current–voltage ( I  – V ) characteristics at 21% rH 

( Figure    2  a). Furthermore, it also exhibits a slight curvature in 

 I  – V  behavior, which is attributed to local charging in the per-

colating channels that possess a coulomb blockade. This curva-

ture is more exemplifi ed in the differential conductivity of the 

device (inset, Figure  2 a.2). Interestingly, the device undergoes 

a dramatic increase in conductivity (over two orders of mag-

nitude) as the rH is lowered from 21 to 1.5% (Figure  2 a). This 

sensitivity to humidity for the device will be discussed later. 

Further, the shape of the conductivity curve does not change 

appreciably for the two humidity values (Figure  2 a.1). Cooling 

the system from room temperature to 5 K shows a decrease 

in conductivity corresponding to an (Arrhenius) activation 

energy of 0.25 meV, two orders of magnitude lower than  kT  at 

room temperature ( ≈ 25 meV; Figure  2 b). The small magnitude 

of activation energy confi rms that at room temperature the 

electron transport occurs via electron tunneling.  

 Owing to electrostatic interaction between the nega-

tively charged nanoparticles and positively charged PAH, the 
bH & Co. KGaA, Weinheim small 2011, X, No. XX, 1–6
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interparticle junction will contain PAH. Due to the hygro-

scopic nature of PAH, both the fi ber and the interparticle 

junction will be soaked in water. The amount of water in the 

internanoparticle junctions, which depends on the ambient 

humidity, will regulate the device current  I  through the array 

by modulating the junction’s dielectric constant. For 25  μ m 

fi ber a two orders of magnitude increase in conductivity with 

decreasing humidity is observed (Figure  2 a.1). Decrease in 

humidity lowers the water content in the PAH containing the 

interparticle junction due to a decrease in the tunneling bar-

rier and thus the resistance ( Figure    3  ). Similarly, a device with 

7  μ m fi ber at a bias of 1 V shows an increase in conductivity 

by  ≈ 50-fold as the rH changes from 40 to 1.5%. The change 

in conductivity as a function of rH during the up-ramp versus 

down-ramp cycle is identical (Figure  3 ), thereby indicating 

that the device exhibits no hysteresis. The inset in Figure  3  

a shows the fi eld-emission SEM image of a 7- μ m-thick fi ber 

with gold nanoparticles laid across the 7- μ m-wide gold elec-

trodes. Thus, the vapor pressure of water in the surroundings, 

 P  v   =  ( H /100) P  sat , where  H  is humidity and  P  sat  is saturated 

vapor pressure, will regulate the device current  I .  

  I  and  P  v  are related as follows. As the device is sensitive to 

humidity at low water concentration (Figure  3  and  4 ), for this 

study, only the low ambient humidity situation is of interest. 

We assume that the mole fraction of water in the interpar-

ticle junction,  x  J , is related to the vapor pressure at the fi ber/

air interface,  P  i , by Roult’s law (because the dissolution of 

water will be close to saturation), thus,  x  J   =   P  i / P   sat . At low 

humidity, the mole fraction of water in the fi ber,  x  f , is related 

to  P  v  by Henry’s law as  x  f   =   P  v / k  H , where  k  H  is the Henry’s 

law constant. From Roult’s law between the fi ber and the air, 

 P  i  is also  x  f  P  sat . Thus,  P  i   =   x  f   P  sat   =  ( P  sat / k  H ) P  v , which leads 

to  x  J   =   P  v / k  H   =  ( P  sat / k  H ) ( H /100). Assuming that the effective 

dielectric constant follows the simple rule of mixing (with 

the dielectric constant of water and PAH being  ≈ 80 and  ≈ 3, 

respectively), the dielectric constant of the junction is given 
© 2011 Wiley-VCH Verlag Gmbsmall 2011, X, No. XX, 1–6

    Figure  3 .     Relative conductivity of the device versus humidity at 1 V bias 
for a 7  μ m fi ber. There is no hysteresis when the humidity is brought back 
to 40% rH. Insets: a) Value of the current for the device at 1 V applied 
bias; b) SEM image of the 7  μ m fi ber spanning across the electrodes.  
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by 80 x  J   +  3(1– x  J )  =  80[( P  sat / k  H ) ( H /100)]  + 3[(1–( P  sat / k  H ) 

( H /100)]  =  0.77( P  sat / k  H ) H   +  3. Thus, the tunneling current,  I , 

given by the Fowler–Nordheim equation is [Equation (1)]:
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 where  a  is the average interparticle distance,  m e   is the 

mass of the electron,   φ   is the work function of gold,  e  is 

the charge on the electron,  h  is Planck’s constant, and  E  is the 

electric fi eld between the nanoparticles. 

 To study the effect of fi ber thickness on the performance 

of the device, three devices with different thicknesses (1, 2, 

and 7  μ m) were investigated for their response to humidity 

( Figure    4  ). As expected all the devices showed an increase 

in conductivity with decrease in humidity at a bias voltage of 

2 V with rH ranging from 1.5 to 21%. Figure  4  also shows 

that the Fowler–Nordheim equation [ Equation (1 )] fi ts well 

for these fi ber devices. The total change in the conductivity 

for change in rH from 21 to 1.5% for 1, 2, and 7  μ m fi bers 

was  ≈ 7.1-, 14.1-, and 30.8-fold, respectively. The fi tting corre-

lation for all devices was  > 0.985. The fi tting parameters are 

shown in the inset of Figure  4 . Consistent with the model, 

at fi xed bias (i.e., fi xed  E ),  A  (which is a function of mate-

rial and universal constants) is remarkably constant over the 
3H & Co. KGaA, Weinheim www.small-journal.com

    Figure  4 .     Relative conductivity versus humidity data and model fi t for 
1, 2, and 7  μ m fi ber devices at 2 V bias. The dark line shows the model 
fi t. It can be seen that the model fi ts the data very well. The inset table 
shows the values of the model parameters. Inset: high-magnifi cation 
SEM image showing good contact of the fi ber with the gold electrode.  

0 5 10 15 20
0

10

20

30

Voltage = 2 V

R
el

at
iv

e 
C

o
n

d
u

ct
iv

it
y 

(a
rb

.)

Relative Humidity (% rH)

1 micron
2 micron
7 micron
Model Fit

Fiber Size (µµµµ) C Ka a (nm) A
1 9.83 3.42981 0.14822 2.01872
2 18.41 3.80102 0.164262 2.02885
7 59.46 5.49372 0.237412 2.01



V. Berry and R. F. Saraf

4

full papers

    Figure  5 .     a) Multiple times exposure of dry N 2  gas (30 s exposure 
time) over a 2  μ m fi ber device shows the robustness of the device. The 
current values at 2 V bias drop fast when the N 2  is turned off showing 
a quick response time. b) Change in ac current response of the device 
with change in sound frequency, which displaces nitrogen fl owing on 
the device. The fi ber size is 25  μ m and the voltage applied is 1 V. The 
maximum ac root-mean-square (rms) current was measured at 330 Hz 
( ≈ 3.1  μ A). The dotted line shows the fi t for the incomplete adsorption/
desorption equation.  
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range of humidity values and the fi ber diameters. From the 

 Ka  estimated from the fi t and  K  defi ned in Equation (1), the 

estimated average interparticle distance  a  is estimated to be 

 ≈ 0.18 nm. This value is comparable to the diameter of a PAH 

polymer chain of 0.16 nm, which suggests that on average 

there is a single monolayer of PAH between the nanoparti-

cles through which conduction takes place. The slight increase 

in  a  with the fi ber size is attributed to averaging over a higher 

number of percolating routes for electron transport. Fur-

ther, the parameter  C , which is proportional to the number 

of conducting channels, [  32  ]  shows a reasonably linear increase 

with the fi ber diameter, thus indicating similar structures of 

the nanoparticle network on each fi ber. The  ≈ 90- and  ≈ 7-

fold change in conductivity for 25  μ m fi bers (Figure  2 a) and 

1  μ m fi bers (Figure  4 ), respectively, implies that the thicker 

fi bers are more sensitive to humidity. Interestingly, unlike the 

humidity sensor built with nanoparticle deposition on bac-

teria, [  16  ]  there is no background or leakage current. The high-

magnifi cation SEM image in the inset in Figure  4  shows that 

there is good contact between the nanoparticles and gold 

electrode. Furthermore, all the devices produced were robust 

and the response was reproducible. 

 In another experiment, dry nitrogen was used to modu-

late the local humidity around the device to study the device 

response. On a 2  μ m fi ber device, dry nitrogen was switched on 

and off causing the current to increase and decrease, respec-

tively ( Figure    5  a). Repeated runs indicate that switching off 

the nitrogen fl ow restores the original conductivity of the 

device, thus indicating high robustness and the reversible 

nature of water absorption/desorption at the interparticle 

junction. Furthermore, the sharp drop in current upon turning 

off the nitrogen suggests a fast response time. It is important 

to note that while there is a sharp change in conductivity at 

the beginning and the end of each humidity exposure period, 

there is a sluggish response in the middle. This slow response 

region is attributed to the slow swelling of the fi ber due to 

water absorption, whereas the sharp response in the ends is 

due to adsorption/desorption on the PAH molecules between 

gold nanoparticles at the surface of the fi ber. Further, since 

the fi ber is expected to swell more freely in the radial direc-

tion than in the axial direction (nominally constant length), 

the change in interparticle tunneling distance due to swelling 

in the direction of the current will be minimal. We conjecture 

that as the diameter increases, the number of percolation 

paths will increase, which will in turn increase the number of 

tunnel junctions leading to larger sensitivity.  

 The response time of the device was quantifi ed by modu-

lating the humidity around the device by sound waves gener-

ated at particular frequencies  f  by a speaker phone installed 

in front of the device. The experimental setup is shown in 

Figure 7 of the Supporting Information. The sound modulates 

the pressure as  P   =   P  0   +    δ   P   =   P  0   +   P  A  e   i   (2  π   f ) t , where  P  0  is 

the ambient pressure, and the perturbation  δ  P  has an ampli-

tude of  P  A  proportional to the sound intensity. If the water 

mole fraction  x  0  is fi xed in the perturbed region, the effec-

tive humidity changes as  H   =   H  0   +   δ  H   =   H  0   +  ( P  A  x   0 / P  sat ) e   i   
(2  π   f ) t , where  H  0  is the ambient, unperturbed humidity. From 

Equation (1), if the perturbation  δ  H  is small (as is the case 

for the experiment), the modulation in the device current 
www.small-journal.com © 2011 Wiley-VCH Verlag Gm
 I   =   I   +    δ   I  where,   δ   I   =   I   ac   e   i   (2 π  f ) t   +   φ  . The amplitude of ac 

current  I  ac  at a fi xed bias of 1 V dc was measured as a func-

tion of  f  using a lock-in amplifi er. As the wavelength of the 

sound for the studied frequency range is  > 1 cm, a uniform 

oscillation of humidity around the device is expected that 

is below 20  μ m. Furthermore, for high sensitivity [as seen in 

Figures  3  and  4 , and stated in derivation of  Equation (1 )], 

only low-humidity conditions are of interest. To achieve 

low-humidity conditions, the sound measurements are per-

formed under dry nitrogen fl owing at  ≈ 1 cm 3  s  − 1  over the 

device. 

 For the  f   <   f  th , where  f  th  is the threshold frequency for 

mass transfer, by linearizing Equation (1) for small per-

turbations (i.e.,  H   <  <   δ  H ),  I  ac  is independent of  f  and only 

depends on the experimental conditions (such as  H  0 ,  P  A ,  x  0 , 

and  P  sat ) and device parameters (such as  Ka ,  A ,  C , and bias). 

This condition is obtained for  f   <  330 Hz, where the  I ac 

measured is independent of  f  (Figure  5 b), thereby implying 

 f  th   ≈  330 Hz. 

 At  f   >   f  th , the mass transfer becomes the rate-limiting step, 

since it becomes slower than the speed at which the sound 

wave changes the humidity. The perturbation  δ  P  i  from its 

equilibrium condition value of  P  i  is calculated by considering 

the fl ux of water from the ambient surroundings to the inter-

face and interface to the fi ber. It is reasonable to assume that 
bH & Co. KGaA, Weinheim small 2011, X, No. XX, 1–6
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the diameter of the fi ber is signifi cantly smaller than the pen-

etration depth of the water in PAH, thus  x  f  is uniform in the 

fi ber. However, the fi ber is not in equilibrium with the vapor 

pressure at the interface (or Roult’s law is not valid), thus, 

 x  J   ≠   x  f . Assuming an ideal law of mixing (which is reason-

able for small perturbations and low humidity), the transport 

equation for the water concentration perturbation at the 

interface can be linearized as [Equation (2)]

 

d(*Pi)

dt
= h [(*Pv) − (*Pi)] − " (*Pi)

  
(2)

   

where  h  and   α   are the mass transfer coeffi cients for bulk-

to-interface and interface-to-fi ber transport, respectively. As 

only the fi rst order of the perturbation (i.e., at only frequency 

 f ) is of interest, the higher-order terms leading to the 2 f , 3 f  
signal can be ignored. By substituting (  δ   P  v )  =   x  0  P  A   e i    (2 π  f ) t   
and assuming the fi rst-order term for (  δ   P  i )  =   P  Ai   e   i   [(2 π  f ) t   +   φ  ] 
in  Equation (2 ), the frequency dependence of  P  Ai  is given by, 

 P  Ai   ≈   x  0  P  A /[( h   +   α  ) 2  + (2  π   f ) 2 ] 1/2 . The corresponding perturba-

tion in  x  J  from equilibrium,   δ   x  J   =  (  δ   P  Ai )/ P  sat . Substituting for 

 x  J   +    δ   x  J , in Equation (1) for the change in dielectric term as 

80[ x  J   +    δ x  J ]  +  3[1 – ( x  J   +    δ   x  J )], the perturbation in device cur-

rent,   δ   I   ≈   I  (  δ   x  J ) e    i  [(2  π  f)t +   φ  ’] , where  I  is the dc current with no 

sound exposure. As a result, from the ( δ  x  J ), the amplitude of 

the  δ  I  yields the amplitude of ac current as [Equation (3)]

 Iac Ĩ
x0 PA

P sat

1

(h + ")2 + (2B f )2 1 /2  (3)    

 Consistent with Figure  5 b, the ac current decrease as  f  
increases. However, as observed in Figure  5 b the dependence 

is not linear, but quadratic. The lowering of the current with 

 f  is reasonable implying that as the frequency increases the 

system’s response becomes increasingly incomplete. Finally, 

at  f   >  800 Hz the system is unable to respond to the pertur-

bation resulting in vanishingly small ac current. Furthermore, 

as the sensor is in quasi-equilibrium with the surroundings to 

frequencies as high as 330 Hz, the sensor has a response time 

of 1/330  ≈  3 ms. 

 The conductivity of the device was also studied for its 

dependence on change in air pressure. For a 25  μ m fi ber 

device, a decrease in pressure from 820 to  ≈ 1 Torr led to a 

decrease in resistance from  ≈ 100 to 35.3 M Ω  (see the Sup-

porting Information, Figure 8). Thus, another application of 

this device could be a local pressure gauge. 

   4. Conclusion 

 In summary, we have demonstrated an approach for  the  

directed self-assembly of a molecular-junction network of 

gold nanoparticles on a polyelectrolyte fi ber scaffold to pro-

duce a highly sensitive and ultrafast humidity sensor. The 

device conductivity changes by two orders of magnitude in 

response to a decrease in humidity from 21 to 1.5%. The 

modulation of humidity due to an acoustic pressure wave 

showed that the response time of the device is at least 3 ms. 

The approach can potentially be extended to designing more 

sophisticated sensors and molecular electronics devices with 
© 2011 Wiley-VCH Verlag Gmbsmall 2011, X, No. XX, 1–6
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