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Abstract

The nonlinear electrical characteristics of GaAs-based three-branch nanowire junction

(TBJ) devices having Schottky wrap gates (WPGs) are investigated experimentally and

theoretically, focusing on the nonlinear mechanism at room temperature in devices with large

dimensions and the improvement of voltage transfer efficiency. Input-output voltage transfer

curve, Vout-Vin, is characterized by changing nanowire width, W, temperature, T, and WPG

gate voltage, VG, systematically. At room temperature, a bell-shaped Vout-Vin voltage curve is

observed even in the device having a nanowire width of 1,500 nm, which is ten times larger

than the electron mean free path. With decreasing wire width or temperature, the output

curves are sharpened and curvature in the low-input-voltage region increases. The curvature

rapidly increases and voltage transfer efficiency, ∆Vout/∆Vin, approaches unity when VG is

decreased into the subthreshold region. A simple and compact model for the nonlinear

characteristics in the nonballistic regime is introduced. The rapid change of the curvature and
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complex curve in the subthreshold region under VG control is due to the switching of the

branch condition from resistive to capacitive by depletion underneath the WPG.

KEYWORDS: three-branch nanowire junction (TBJ), GaAs, Schottky wrap gate (WPG),

nonlinear voltage transfer, analytical model
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1. Introduction

Three-branch nanowire junctions (TBJs) have been found to have unique nonlinear

electrical characteristics recently,1,2 and they have attracted much attention as an important

building block of nanowire-based devices and their integrated circuits. Experimentally clear

nonlinear voltage transfer characteristics have been observed in TBJs made of III-V

compound semiconductors3,4 and carbon nanotubes.5 The capability of high-speed operation

was also demonstrated.4,6 On the basis of their functionality, their applications to various

digital7,8 and analog circuits9,10 have been intensively investigated. At this stage, key issues

include the understanding of the mechanism of the nonlinear characteristics and the

improvement of voltage transfer efficiency. In order to control the nonlinear characteristics,

we investigated Schottky wrap gate (WPG) control of a GaAs-based TBJ and succeeded in

the electrostatic modulation of voltage transfer characteristics.11 On the other hand, contrary

to the prediction1, the fabricated device having large dimensions compared with the electron

mean free path exhibited clear nonlinear curves even at room temperature (RT). Such

behaviors have been also observed in TBJ devices even without WPGs, and several

investigations have been carried out on the mechanism, including the extension of the

effective mean free path12 and velocity drop in the high-field domain.13 However, it has not

been clarified yet. On the other hand, for their circuit application, a suitable device model

applicable to circuit design is strongly required.

In this study, the nonlinear voltage transfer characteristics of GaAs-based TBJ devices

having WPGs are investigated experimentally and theoretically, focusing on the nonlinear

mechanism for devices with large dimensions at RT and the improvement of voltage transfer

efficiency, ∆Vout/∆Vin. Vout-Vin curves are characterized by changing nanowire width, W,

temperature, T, and WPG gate voltage, VG. A mechanism for the nonlinearity of the present
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device is proposed and analysis is conducted on the experimental data on the basis of this

model.

2. Device Structure and Experimental Procedure

Figure 1(a) shows an illustration of the TBJ device investigated in this study. It has a T-

shaped three-branch nanowire junction, formed on an AlGaAs/GaAs heterosturcture by

etching. In order to control the device characteristics, nanometer-scale Schottky WPGs as

shown in Fig. 1(b) are formed on right and left nanowire branches. The role of the WPG is to

control the resistance by squeezing the nanowire branches electrostatically14 and it is expected

to modulate the voltage transfer characteristics. The measurement circuit is also shown in Fig.

1(a). The TBJ device is operated by applying input voltage, Vin, to right and left branches in

push-pull fashion and voltage in the center branch, Vout, is measured as output. According to

the previous theory1, when the nanowire width is smaller than the electron mean free path and

ballistic transport takes place in the junction, the output voltage is expected to show a bell-

shaped curve remaining always negative, such as Vout = -αVin
2/2, where α is the curvature. α

is approximately given by e/µ, where µ is the electrical chemical potential.1 This nonlinear

voltage transfer characteristic comes from the difference of conductances for electrons

entering and going out the center branch, because of the difference in the numbers of

occupied quantum channels for left and right branches. On the basis of this theory, such

nonlinear characteristic should disappear when the mean free path is shorter than the device

size in increased temperatures.

For experimental study, T-shaped nanowire-branch junctions were formed on an

AlGaAs/GaAs heterostructure wafer by electron beam (EB) lithography and wet chemical

etching. Geometrical nanowire width was varied from 90 to 2,000 nm. Nanowire length of
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left and right branches was typically 3 µm. Cr/Au Schottky WPGs of 400 nm gate lengths

with 800 nm spacing were formed on the left and right branches. The sheet carrier density of

the unprocessed wafer at RT was 7.8 x 1011 cm-2. The measured mobilities were 7,100 cm2/Vs

at room temperature and 110,000 cm2/Vs at 77 K, which corresponded to mean free paths of

80 and 1,500 nm, respectively. A scanning electron microscopy (SEM) image of the fabricated

device is shown in Fig. 1(c). Vout-Vin curves were characterized by varying geometrical

nanowire width, W, temperature, T, and WPG voltage, VG.

3. Results

3.1. Nanowire width dependence

Figure 2(a) shows the Vout-Vin curve for devices with various nanowire widths at RT. In

this measurement, VG was fixed at 0 V. Fabricated devices exhibited clear bell-shaped curves

even with the nanowire width of 1,500 nm. In the devices whose W was larger than the mean

free path at RT, voltage transfer curves still changed depending on W. Voltage transfer curves

became sharper systematically with decreasing W. Only the device with W = 2,000 nm

showed an irregular curve. It should be noted that the output in the high-input-voltage region

changed almost linearly against Vin in devices with W ≤ 1,500 nm. Derivatives of Vout-Vin

curves are plotted in Fig. 2(b). They clearly showed derivatives of unity in the high input

voltage region. The input voltage range where the derivative was constant was widened by

decreasing W. The observed nanowire width dependence was difficult to understand on the

basis of the previous theory. Derivatives around Vin = 0 V indicated that the voltage transfer

characteristics had higher-order components of Vin than the parabolic function.

To discuss the wire width dependence quantitatively, measured Vout-Vin curves were

fitted by a parabolic function and curvature, α, was evaluated. The result is plotted in Fig. 3.

The curvature systematically increased with decreasing W. It was almost proportional to 1/W.
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From this result, a small wire width is found to be favorable for logic applications because a

voltage transfer efficiency of unity can be obtained even in the low-input-voltage region.

However, there has been no analytical model explaining observed voltage transfer curves as

well as such size dependence.

3.2. Temperature dependence

Figure 4 shows the Vout-Vin curves of two different devices measured at various

temperatures. Here, VG was fixed at 0 V. From the previous theory, the critical change of the

voltage transfer characteristics was expected when the mean free path became longer than the

nanowire width with the decrease in temperature. However, in the device with W = 570 nm,

the curves changed gradually depending on temperature and no critical change was observed.

Curvature in the low-input-voltage region increased with decreasing temperature. The

configuration of the curves at low temperatures was quite similar to those of narrow wire

devices at RT in Fig. 2(a). This indicates that the wire width and temperature seem to have a

similar effect on the nonlinear characteristics. The slope in the high-input-voltage region also

became constant with decreasing temperature. On the other hand, the device with W = 120 nm

showed a very weak temperature dependence. The nanowire width of this device was

compatible to the mean free path even at RT. As temperature decreased from 300 to 200 K, a

small change was observed. When T < 200 K, the curves were almost unchanged.

3.3. WPG gate voltage dependence

Figure 5(a) shows the measured VG dependence of the Vout-Vin curves of the fabricated

device with W = 570 nm at RT. In this device, two WPG-controlled nanowire branches were

confirmed to operate as conventional field-effect transistors (FETs) and the characteristics

were similar to each other. Applying gate voltage to the right and left WPGs simultaneously
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and decreasing it, the curves were sharpened slightly when VG > -0.6 V. On the other hand, the

device exhibited complex behavior when VG < -0.6 V. In this case, the observed curves

seemed to contain two curves with different curvatures. Voltage transfer curves in the low-

input-voltage region, |Vin| < 0.5 V, became sharp with decreasing VG. At VG = -1 V, the slope in

this region was unity. On the other hand, the curves in the high-input-voltage region, |Vin| > 1

V, were almost the same as the curves for VG > -0.6 V. The slope in this region was again

unity. The obtained results indicate that there were two mechanisms controlling voltage

transfer characteristics and they were switched by changing the input voltage.

In order to examine the effect of WPGs in detail, VG on each side was varied

independently, keeping that on the other side at +0.2 V. Measured voltage transfer curves are

plotted in Figs. 5(b) and 5(c) while changing the WPG voltage on left and right branches,

respectively. Curves on only one side of the input voltage polarity were modulated by VG. The

output on the other side was slightly positive in the low-input-voltage region. Considering the

position of the WPG and the polarity of the input voltage, it was found that the WPG on the

positively biased branch modulated outputs and that on the other branch was not effective.

Interestingly, curves on modulated sides in Figs. 5(b) and 5(c) were quite similar to the curves

in each side of the plot in Fig. 5(a). These results indicate that only the WPG on the positively

biased branch controlled voltage transfer characteristics even in the case of two WPGs.11

The gate voltage dependence of the curvature from fitting with a parabolic function is

shown in Fig. 6. The curvature increased rapidly when VG < -0.6 V, although a small change

was seen when VG > -0.6 V. By comparing with branch current as shown in Fig. 6, a rapid

change of the curvature was found to take place in the subthreshold region. In this region, a

potential barrier was formed underneath the WPG and only thermally excited carriers could

flow. The formation of the potential barrier by depletion seemed to give a critical change in

voltage transfer characteristics.
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4. Discussion

4.1. Mechanism and modeling

On the basis of the ballistic transport model, it is difficult to explain the appearance of

nonlinear characteristics in the devices larger than the mean free path and their RT operation.

Therefore, in this study, an alternative model for the present devices is introduced. Its concept

is shown in Fig. 7. Basically, the nonlinearity of the voltage transfer curve in TBJ devices

comes from the asymmetry of resistance in two input branches. Assuming resistances under

WPGs for the left and right branches, rL and rR, respectively, the output voltage is given by

the simple formula,

€ 

Vout = −
rL − rR
rL + rR

Vin . (1)

In the case of the previous theory, the asymmetry of the resistance is given by the difference

in the number of occupied quantum channels for different electrochemical potentials.1 In the

present device, it is given by the asymmetry of potential inside due to two WPGs with equal

gate voltage. Thus, the nonlinearity can be seen even in the diffusive regime. As shown in Fig.

7(a), potential hills are formed underneath WPGs and are almost fixed by VG. When input

voltages are applied to right and left branches in push-pull fashion, the potential hill remains

only in the positively biased branch. The hill in the negatively biased branch is cancelled by

negative input voltage as shown in Fig. 7(b). Then, the resistance in the positively biased

branch becomes higher than that in the negatively biased branch. By switching the polarity of

the input, the high-resistance branch is also switched.

For quantitative discussion, the voltage transfer characteristic is formularized on the

basis of the present model. Considering the potential diagram in Fig. 7(b), the density of

carriers passing underneath the WPG in the negatively biased branch [right branch in Fig.
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7(b)] is evaluated using nR = n0exp[(EFR-EF0)/kT], where n0 and EF0 are the initial carrier

density and Fermi energy without Vin, respectively, and EFR is the Fermi energy in the right

branch. On the other hand, that in the positively biased branch is given by nL = n0 exp[(EF0-

∆E)/kT], where ∆E is the height of the potential hill underneath the WPG. Because the

resistance is proportional to the inverse of the carrier density, Vout can be evaluated using eq.

(1). Taking account of the unintentional voltage drop due to series resistance and other factors,

Vout is given by the next formula:

€ 

Vout = −Vintanh −
βVin

2kT
 

 
 

 

 
 , (2)

where β is the input-voltage-to-energy scaling factor defined by ∆E/∆Vin, and 0 ≤ β ≤ 1. This

equation is applicable to the nonballistic condition. β is a unique parameter for describing the

difference in characteristics. Typical curves at 100 and 300 K based on the present model are

plotted in Fig. 7(c). For comparison, theoretical curves, Vout = -αVin
2/2, based on the ballistic

transport model from ref. 1 are also plotted, which are applicable only in the low input voltage

region due to the second-order approximation. A significant difference between the two

models is seen in the temperature dependence. Namely, a clear temperature dependence is

predicted in the present model, although it is not seen in the previous model. It can reproduce

the experimental curves well even in the high-input-voltage region, where the output shows

an almost linear curve and detailed analysis in the previous model also explains it.15

4.2. Analysis of experimental results

First, the experimental characteristics at various temperatures in Fig. 6 were compared

with the present model. The experimental and theoretical curves are plotted for two devices

with different sizes in Fig. 8(a). By simply choosing a suitable β, the present model could

successfully reproduce the whole curves at various temperatures for each device. This result

clarifies the validity of the present model. The difference in temperature dependence between
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two devices was understood to be due to the difference in β. To see the behavior in detail, the

curvatures were evaluated individually by fitting the experimental data using the parabolic

function and compared with the model. Evaluated α as a function of temperature is plotted in

Fig. 8(b). It was found that α increased with decreasing temperature. The temperature

dependence of α can be obtained by taking the Taylor expansion of eq. (2) and comparing it

with the coefficient of the second-order term of the expanded formula,

€ 

α = β /kT . (3)

This equation indicates that the curvature increases when temperature decreases. In the case

of the device with W = 570 nm, the theoretical curve depicted by a solid line can explain α in

the whole measured temperature range with a constant β of 0.022. In the case of the device

with W = 120 nm, evaluated α  followed the theory with β = 0.06, when T > 100 K. However,

when T < 100 K, α became smaller than the theory and showed a rather small temperature

dependence. The mean free path at 77 K was 1,500 nm, which was 10 times larger than the

device size, and the transport was ballistic. The ballistic model1 showed a smaller temperature

dependence than the present model. Thus, the nonlinear mechanism was considered to change

from the present model to the ballistic one. On the basis of a comparison of the nanowire

width and the mean free path, switching of the dominant mechanism is expected to take place

between 200 and 300 K in the narrow device. This seemed to reflect the slight jump of curves

from 300 to 200 K in Fig. 4(a), although the change of α was gradual. Detailed evaluation of

the temperature dependence of the mobility will make more quantitative discussion possible.

Next, the size dependence of the voltage transfer curves is discussed on the basis of the

present model. Again, the model could reproduce the experimental curves in Fig. 2(a) well

when we choose suitable β values. Evaluated β obtained by fitting showed a clear correlation

with α in Fig. 3. Taking a plot of β vs α, we found β/α to be 0.0255 eV at RT, which could be

accurately explained by eq. (3). Then, the W dependence of voltage transfer curves is
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understood by the change of the W dependence of β. A possible mechanism relating W and β

is the W dependence of the potential hill underneath the WPG, ∆E. In the present model, the

nonlinearity comes from the existence of ∆E even though it does not appear in eq. (2). When

∆E becomes small, the asymmetry of the potential disappears and the curvature and β

decreases. This relationship can be verified by the analysis of the equivalent circuit of the

present device consisting of a couple of FETs connected in series in the linear region,

€ 

Vout ≈ VG −Vth( ) − VG −Vth( )2 +Vin
2 , (4)

where Vth is the threshold voltage of the two WPGs. It was found that β is given by kT/(VG-

Vth) from the expansion of eq. (4). It is obvious that decreased Vth corresponds to small ∆E.

Therefore, small ∆E results in small β. On the other hand, it is known that the threshold

voltage of WPG decreases when W increases.16 This means that ∆E is small in the device

having large W. Then, β is found to decrease with increasing W. The discussion above can

qualitatively explain the W dependence of β, although further discussion is necessary for a

quantitative analysis of the size dependence of the nonlinear characteristics.

The gate voltage dependence of the voltage transfer curves is also analyzed, focusing

on the appearance of the complex curve. β as a function of VG in the low-input-voltage region

was evaluated by fitting the experimental curves with eq. (2) and it showed a curve following

β = α kT. On the other hand, β in the high-voltage region was almost constant. From the

comparison with the branch current, the condition of the WPG was in the subthreshold region

when VG < -0.6 V. A possible band diagram in the subthreshold region is shown in Fig. 9(a). If

VG is less than Vth, the WPG completely depletes the channel and conductance goes to zero at

Vin = 0 V, resulting in a capacitive connection rather than a resistive one. However, in the

negatively biased branch, the input voltage cancels the gate voltage and the potential barrier

disappears, resulting in a resistive connection. Then, the device can be treated as an equivalent

circuit shown in Fig. 9(b). In this case, Vout = -Vin, that is, ∆Vout/∆Vin = 1, is realized because
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the capacitance in the positively biased branch acts as a high resistance. Increasing Vin, the

positively biased branch eventually switches to a resistive one again by barrier lowering or

tunneling due to high-positive-voltage application. The equivalent circuit goes back to that in

Fig. 9(c) and the curve is again given by eq. (2). Then, the voltage transfer curve in the

subthreshold region has the feature of two different curves as shown in Fig. 5(a). Additionally,

the slight positive Vout and lateral shift of the peaks in the case of asymmetric WPG voltage

application in Figs. 5(b) and 5(c) can be explained by the asymmetry of ∆E in the left and

right branches in the present model, determined using eq. (1) and carrier density. The

asymmetry of the voltage transfer curves in Figs. 2(a) and 4 can be attributed to the

fluctuation of the wire width and/or the threshold voltage shift.

5. Conclusions

The nonlinear electrical characteristics of GaAs-based three-branch nanowire junction

(TBJ) devices having Schottky wrap gates (WPGs) were investigated experimentally and

theoretically, focusing on the nonlinear mechanism at room temperature for devices with large

dimensions and the improvement of voltage transfer efficiency. Nanowire width, temperature,

and WPG gate voltage dependences of input-output voltage transfer curves, Vout-Vin, were

characterized systematically. Bell-shaped Vout-Vin voltage curves were observed at room

temperature even in devices having a nanowire width of 1,500 nm. With decreasing wire

width or temperature, the output curves were sharpened and the curvature from fitting based

on a parabolic function increased. With decreasing WPG gate voltage, VG, Vout-Vin curves in

the low-input-voltage region also became sharp. The curvature rapidly increased and voltage

transfer efficiency, ∆Vout/∆Vin, reached unity when VG decreased in the subthreshold region. A

simple and compact model for the nonlinear characteristics in the nonballistic regime was
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introduced and it showed that the difference in the voltage transfer characteristics was

translated into only a unique parameter, β. The rapid change of the curvature and complex

curve in the subthreshold region under VG control was found to be due to the switching of the

branch condition from resistive to capacitive owing to depletion underneath the WPG.
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Figure captions

Fig. 1. (a) Basic structure of a TBJ device having Schottky wrap gates (WPGs), (b) WPG

structure, and (c) SEM image of a fabricated device.

Fig. 2. (a) Voltage transfer curves for various nanowire widths and (b) their derivatives.

Fig. 3. Curvature as a function of nanowire width, W.

Fig. 4. Voltage transfer curves for various temperatures in TBJ devices with (a) W = 120 nm

and (b) W = 570 nm.

Fig. 5. Voltage transfer curves for (a) common gate voltage application, and [(b) and (c)] for

independent gate voltage application on left and right WPGs, respectively.

Fig. 6. Gate voltage dependence of curvature of outputs and branch current.

Fig. 7. A model for the nonlinear voltage transfer curve in the TBJ device controlled by WPGs.

Potential diagrams at (a) Vin = 0 V and (b) Vin > 0 V, and (c) example of calculated curves.

Fig. 8. (a) Experimental and theoretical voltage transfer curves for the devices with W = 120

and 570 nm, and (b) evaluated α and β as a function of temperature.

Fig. 9. (a) Potential diagram in the subthreshold region, and equivalent circuits (b) in the low-

input-voltage region and (b) in the high-input-voltage region.
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