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Two-dimensional topological insulators are of great interest, with predicted topological protection 

of one-dimensional helical edge states at their boundaries.  Shot noise, the fluctuations in driven 

current due to the discreteness of charge carriers, has been proposed as a way of distinguishing 

between trivial and nontrivial edge state conduction, as well as a means of assessing back-

scattering mechanisms in the latter.  Such measurements require an understanding of possible 

contributions to the noise from contacts and conduction in the 2D bulk.  We present noise 

measurements in Corbino structures based on InAs/Ga(In)Sb quantum well interfaces over a broad 

temperature and applied current range.  As the temperature is lowered and the bulk transport is 

gapped out, shot noise becomes detectable in these two-terminal devices, in both high- and low-

frequency measurement techniques.  Quantitative comparison with a noise model shows that the 

total applied voltage drop is split among the contacts and the bulk, and that the devices have some 

intrinsic asymmetry.  Within that model, the magnitude of the shot noise appears to be anomalously 

large, implying the contacts to the 2D bulk are nontrivial in this system.   

 

 
Two-dimensional topological insulators (2DTIs) with topological number Z2 are theorized 

to exhibit time reversal symmetry protected quantum spin Hall effect (QSHE).1–4  The first 

                                                
* natelson@rice.edu  



 2 

experimental evidence was in a HgTe/CdTe quantum well (QW)5 where quantized edge 

conduction matched theoretical predictions, an observation later also made in InAs/GaSb and 

InAs/GaInSb QWs.6–8  Semiconductor QWs continue to be at the forefront of QSHE studies.  In 

InAs/GaSb QWs specifically, wavefunction hybridization of the electron and hole bands results in 

a gap opening in the 2D bulk.9  Along the device edges, however, a Kramers pair of spin-

momentum-locked 1D states persist.10  Signatures of these edge states have been observed 

experimentally for several years.6,7,11–18  

In an InAs/GaSb bilayer, the ground electron subband of InAs crosses with the ground hole 

subband at wavevectors kcross.  At kcross, spatially-separated electrons and holes are strongly 

coupled due to tunneling between the QWs, opening the hybridization gap D at the crossing point 

in the bulk.  Previous studies attempted optimization of band inversion by varying QW widths and 

gate voltages,6,7,9,11–16,18 resulting in a great range of transport properties of the bulk.  Most recently, 

Du et al.  found by using strained-layer InAs/GaInSb, the QWs can be narrowed, resulting in larger 

overlap between the electron and hole wavefunctions.8  The InAs/Ga0.68In0.32Sb QWs used for this 

study exhibited a hybridization gap of ~20 meV,8 extracted from the activation energy of the bulk 

conduction, and the observed temperature dependence of the device resistances is quantitatively 

consistent with the sheet resistances of Figure 2g of Reference 8.       

Several models of current noise in quantum spin Hall insulators suggest shot noise can be 

used to indicate the presence of nontrivial edge states or to identify back-scattering mechanisms 

affecting the helical edges.19–27  To fully understand experimental measurements, however, it is 

beneficial to know how contacts and the bulk may contribute to shot noise.  We have performed 

noise spectroscopy measurements on Corbino disk structures of InAs/Ga0.68In0.32Sb to focus on 

shot noise behavior of the 2D bulk and contacts.   
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Shot noise arises due to the discrete nature of charge carriers; though there is some average 

current, individual arrival events of electrons from source to drain vary in time.  For a two-terminal 

device, we expect the total current noise spectral density (A2/Hz) to be given by28  

𝑆" = 𝐹 × 2𝑒𝐼 coth(𝑒𝑉 2𝑘0𝑇)⁄ + (1 − 𝐹) × 4𝑘0𝑇𝐺 (1) 

where I and V are the current and voltage bias across the junction, G is the two-terminal 

conductance, and F is the Fano factor, a measure of how the high bias (𝑒𝑉 ≫ 2𝑘0𝑇) shot noise 

compares to the ideal Poissonian value 𝑆" = 2𝑒𝐼.  Equation 1 is a phenomenological expression 

designed to give the correct Johnson-Nyquist noise (4𝑘0𝑇𝐺) at I,V = 0 and a bias-independent 

Fano factor in the limit 𝑒𝑉 ≫ 2𝑘0𝑇.  Both shot noise and Johnson-Nyquist noise are expected to 

be white over the frequency ranges of interest.   

 Shot noise is generally not measurable in macroscopic conductors.  As the length of a 

diffusive conductor increases beyond the inelastic mean free path for scattering energy out of the 

charge carriers, strong electron-phonon interactions cause shot noise to decay with increasing 

length until it is fully suppressed when the electrons have thermalized to the phonon 

temperature.29–31    Numerous inelastic electron-phonon scattering events can readily quell all shot 

noise across a long conductor.   

We report measurements of noise in Corbino structures with inner/outer diameters of 800 

µm/1200 µm, and therefore are expected to have fully suppressed shot noise from the 2D bulk.  

Each contact is a series combination of (gold to InAs) and then (InAs to the hybridized 

InAs/Ga(In)Sb interface).  While we do not expect any significant barrier at the Au-InAs 

interface,32 there can be a band offset at the (InAs to InAs/Ga(In)Sb interface) contact when the 

Fermi level is in the hybridization gap.  This band offset can act as a contact barrier that produces 

shot noise, in analogy with Schottky diodes.33  High-frequency, broadband noise measurements 
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show the onset of shot noise as a function of applied bias as temperature is reduced below ~ 30 K.  

Analogous low-frequency noise measurements in nominally identical devices show the same 

trend, with zero-bias noise power consistent with Johnson-Nyquist expectations based on 

environmental temperature and device resistance.  The detailed current-bias dependence shows 

only a fraction of the applied bias is generating the shot noise response.  Comparison with models 

implies either surprisingly large Fano factors for the contacts or some shot noise generation within 

the 2D bulk. 

 Corbino structures were fabricated via a series of photolithography and wet etching steps.  

Devices were topped with a protective Al2O3 layer by atomic layer deposition and gated by a Ti/Au 

top gate.  Figure 1a is a SEM image of one of the measured devices, Figure 1b is a schematic of 

the layers and contacts, and Figure 1c is a depiction of the band structure of the QWs. 

 

 
FIG. 1. (a) Colorized SEM image, yellow indicates inner and outer gold electrodes, and blue 
denotes the top gate; (b) Diagram  of the device structure; and (c) Band structure of the QWs .   
 

Broadband noise measurements were first performed at rf frequencies (250-600 MHz) 

using a lock-in technique34,35 described in previous reports by our group.36,37  A function generator 

applies a square-wave voltage bias across the device.  Simultaneously, one lock-in amplifier 

measures device current response and a second monitors the change in integrated rf noise power, 

which is then converted via the gain-bandwidth product into average current noise power spectral 

density 𝑆" = 𝑆"(𝑉:;<) − 𝑆"(0).  Though calibration to absolute units is difficult in this frequency 
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range, these measurements provide a general picture of the shot noise, free from any 1/f noise 

contributions.   

 To clarify the absolute magnitude of the current noise, we employed low frequency noise 

spectroscopy (0-100 kHz) based on a cross-correlation method similar to that of Hashisaka et al.38 

and by our group.39 A tunable dc voltage bias is applied using a NI-DAQ6215 through strong LC 

filters to the sample through symmetrically placed 150 kW current-limiting resistors to ensure a 

clean voltage signal.  Applying a relatively large voltage signal through the current-limiting 

resistors is equivalent to current-biasing the device.  The sample is loaded onto a custom probe 

within a Janis Research Co. cryostat, with care to shield both the sample and wiring from external 

noise.  The voltage across the sample (and its fluctuations) are individually amplified by each low-

noise amplifier chain with a total gain of 104 and cross-correlated by a Stanford Research Systems 

SR785 spectrum analyzer to find the voltage noise power spectral density SV, with amplifier noise 

suppressed by the cross-correlation.   

 Voltage noise spectra are analyzed taking into account resistive and capacitive parasitic 

contributions from the wiring,40 using the relation 

𝑆>,:@;A = 𝑔𝑆> (1 + (2𝜋𝑓𝑅F𝐶)H⁄ )  (2) 

where SV,meas is the total measured voltage noise, g is the total amplifier gain (104), 𝑆> = 𝑆"𝑅AH  is 

the intrinsic voltage noise power spectral density from the sample, RS is the differential resistance 

at the applied bias, SI is the current noise, f is frequency and the RSC factor denotes the decay of 

the measured spectrum with frequency due to the parasitic resistive and capacitive factors.  The 

voltage noise can be converted to current noise by 𝑆" = 𝑆> 𝑅AH⁄  based on Rs found from preceding 

dI/dV measurements.  This low-frequency technique can readily check the zero-bias noise 

spectrum against the expected Johnson-Nyquist noise 𝑆>,IJ = 4𝑘0𝑇𝑅, which should be white in 
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frequency aside from parasitic capacitance effects.  At non-zero bias, the low-frequency technique 

is vulnerable to 1/f noise, which results from time-varying device resistance.   

Initial noise measurements were performed using the rf method.  At high temperatures, 

thermal excitation of carriers across any hybridization gap is sufficient that the bulk 2D interface 

is conductive.  At 100K, dI/dV measurements of the first sample showed a two-terminal zero-bias 

differential resistance of around 200 W and approximately Ohmic response.  As expected, the two-

terminal zero-bias resistance increased with decreasing temperature, up to 10 kW at 5 K. This 

corresponds to a square-resistance, 𝑅AK = 2𝜋/ ln(𝑟PQR@S	/	𝑟UVV@S), of roughly 155 kW, where 

rinner/outer correspond to the radii of the of the inner/outer electrodes.  When positively top-gated at 

5 K to populate the InAs quantum well, the two-terminal resistance decreased to only 80 W at Vg 

= 0.9 V.  At higher temperatures (30-100 K), lock-in detected change in noise power is essentially 

zero and flat with applied current bias up to 50 µA.  Around 20 K, however, noise as a function of 

current becomes detectable, increasing with decreasing temperature, down to 5 K (Figure 2a).  The 

critical temperature for the onset of shot noise approximately corresponds to the temperature at 

which conduction in the 2D bulk gaps out.8  Additionally, when a positive gate voltage was applied 

to the device, closing the bulk gap, the inferred current noise again stayed roughly zero (Figure 

2b).   
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FIG. 2. Integrated current noise in rf bandwidth ~250-600 MHz as a function of temperature (a) 
and gate bias (b).  (Inset) Resistance versus temperature.  Shot noise is essentially fully suppressed 
at high temperatures and positive gate voltages, when the bulk is conductive.  The shot noise 
contribution begins to turn on with increasing current at around 20 K, as bulk transport gaps out, 
and continues to grow with decreasing temperature.   
 

Voltage noise was measured in additional devices at low frequencies.  At zero bias, the 

voltage noise was consistent with the Johnson-Nyquist expectations for the measured resistance.  

Again, the noise remained roughly constant with applied current at higher temperatures, but started 

to increase with increasing current below ~20 K (Figure 3a), consistent with the onset of some 

shot noise contribution.  The magnitude of the bias-dependent noise, however, was consistently 

much smaller and had a broader curvature around zero bias than expected if one naively applied 
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Equation 1 for a given conductance and temperature, assuming a Fano factor of 1 and that all the 

voltage bias contributes to the argument of the coth term (Figure 3b).   

 

 
FIG. 3. (a) Voltage noise minus zero-bias noise as a function of temperature.  Noise is relatively 
flat above 20 K but then increases with decreasing temperature. (Inset) Example spectra at 8 K at 
0, 13, and 27µA.  Spikes are from environmental pickup and do not affect the analysis.  Black 
line indicates Johnson-Nyquist, and purple dotted line indicates fit to Equation 2, with SV = 3.41 
× 10-18 V2/Hz and 2pRSC = 1.1 × 10-5 s.  (b) Compared to Equation 1, assuming all of the applied 
bias is contributing to the shot noise, the magnitude of the noise at 3 K is much smaller than 
expected and the curvature about zero bias is much broader. 
 

Particularly motivated by the breadth of the curvature of the noise near zero bias, we 

attempt to model the measured noise through the equivalent circuit shown in Figure 4a, namely 
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three series resistors: two contact resistances (assumed for simplicity to be identical) and a bulk 

resistance representing the 2D Corbino bulk contribution.  We assume the band offset at each InAs-

InAs/Ga(In)Sb contact is the dominant source of contact resistance and can act as a barrier that 

produces shot noise.  In the simplest situation, we assume the bulk resistance, Rb, and the contact 

resistances, Rc, are Ohmic, with the total resistance R = 2Rc + Rb.  In general, for a non-Ohmic 

device, the resistances should be differential resistances found self-consistently under biasing 

conditions such that the total voltage across the three resistors in series is the applied dc bias across 

the device, 𝑉W@X = 𝑅 × 𝑉RPR (𝑅 + 300	𝑘Ω)⁄ , where R is the two-terminal device resistance, Vtot is 

the total dc voltage applied by the DAQ, and 300 kW accounts for the series resistances.  In the 

temperature range studied here, the device is still relatively Ohmic, and thus it is unlikely to be in 

the limit of Poole-Frenkel hopping transport.  As temperature approaches zero and the system 

reaches a limit where all carriers are frozen out, it would be necessary to reevaluate the primary 

charge transport mechanism. In this simplified model, however, the bulk is considered diffusive 

and large compared to inelastic electron-phonon scattering scales, and therefore should contribute 

only to the Johnson-Nyquist thermal noise, with all non-equilibrium shot noise arising at the 

contacts.  Factoring in finite temperature contributions, including the thermal noise and that the 

voltage dropped across each contact is IRc=Vc, the total voltage noise in the Corbino should be41   

𝑆> = 4𝐹𝑒𝐼𝑅[H coth(𝑒𝑉[ 2𝑘0𝑇⁄ ) + 4𝑘0𝑇(𝑅\ + 2(1 − 𝐹)𝑅[). (3)  

Within this model, at high bias (𝑒𝑉[ ≫ 2𝑘0𝑇), the SV(I) data can be fit to a line, with slope 

m = 4eFRc2 and intercept b = 4kBT(Rb+2(1-F)Rc) = 4kBT(R – 2FRc).  This is used to derive values 

for the Fano factor and contact resistance.  Figure 4b compares the results of the model in Equation 

3 to the voltage noise measured at 3 K in the low frequency setup.  This model provides a natural 

explanation to the voltage scale of the rounding near zero bias, with only a fraction of the applied 
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voltage actually dropping across each shot-noise-producing contact.   

 

 
FIG. 4. Equivalent circuit (a) and comparison to data (b) of the model described by Equation 3, 
with R = 4.34 kW, F = 5.76 ± 0.2, and Rc = 217 ± 6 W.  Both contact resistances and the resistance 
of the bulk contribute to the Johnson-Nyquist noise, but any contribution to the shot noise from 
the bulk is suppressed, leaving only contributions from the two contacts.  Voltage division between 
contacts and bulk accounts for the low bias curvature scale, but implies surprisingly large Fano 
factors for the contacts. 
 
 Figure 5 shows the Fano factors and contact resistances derived from linear fitting of high 

bias data from an example device measured at low frequency. Negative and positive current data 

were fitted separately due to the asymmetric nature of the SV(I) curves (present even when the I-V 

response is Ohmic).  We attribute this asymmetry to differences in the inner and outer contacts 
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arising during the etching processes of the fabrication. From the high bias linear fits, we find that 

contact resistance is generally small, on the order of 10% or less of the total device resistance.  

While the error bars are obtained from reasonable goodness of fits for each temperature 

individually, the degree of scatter among all the data points suggests the systematic uncertainties 

are comparable to or greater than any trend with temperature.  At higher temperatures, the Fermi 

distribution of carriers in the metal is broadened, and the bulk of the 2D interface (where the 

Ga(In)Sb hole and InAs electron quantum well states hybridize to form the bulk gap) should have 

greater thermal activation of carriers between the lower and upper hybridized bands.  Disorder also 

leads to a spatially varying energy landscape within the 2D bulk, when the Fermi level lies in the 

gap, which localizes residual charge carriers as temperature goes to zero.42  Therefore, naively one 

would expect higher free carrier densities at higher temperatures would yield lower contact 

resistances.  The contact resistances inferred from our model do not appear to fit this trend, but we 

have excluded any disorder effects and have not attempted to incorporate the Fermi level pinning 

or charge transfer at the contacts, which could influence the effective height and width of any 

barrier at the InAs to InAs/Ga(In)Sb interface.   

The Fano factor inferred from the model tends to increase with decreasing temperature, as 

expected for a Schottky contact.  The inferred values of F, however, are greater than 1, up to over 

10 in some cases, indicating either some contribution to the shot noise from the bulk (not captured 

in the model), or a noise-enhancing process at the contacts.  In considering possible contributions 

from the bulk, as thermal activation of carriers over the gap in the 2D bulk is suppressed at lower 

temperatures, disorder can lead to both puddles of charge43 and residual charge42 bound in 

localized states.  Tunneling through this irregular potential landscape could contribute to the noise.  

The 2D bulk is essentially in the macroscopic limit, however, and if the system were in the limit 
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of many puddles or localized states, the net shot noise would be fully suppressed, similar to the 

1/N reduction of shot noise in N identical tunnel junctions in series.41  This leads us to believe the 

shot noise arises at a small number of interfaces. 

 One possibility for enhanced Fano factors at low temperatures is positive feedback between 

tunneling electrons and space charge near one of the contacts.  This mechanism for enhanced noise 

was first put forth by Reklaitis and Reggiani44 who modelled a single barrier heterostructure of 

GaAs/Al0.25Ga0.75As.  They found Fano factors up to 7 because of positive feedback between 

tunneling probability and a build-up of space charge near the barrier.  While difficult to precisely 

model our system for space charge effects, we believe this could be one reasonable explanation 

for the large Fano factors derived from the data.  The tendency for the Fano factor to increase with 

decreasing temperature, as the bulk becomes more gapped, would be consistent with an increase 

in space charge near the contacts.   
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FIG. 5. Fano factors (a) and contact resistances (b) derived from linear fits of high bias SV(I) 
data taken at low frequency for the model of Eq. (3).  Error bars calculated based on standard 
deviations of slope and intercept of fit.  Contact resistance is generally small relative to the total 
device resistance. Fano factors tend to increase with decreasing temperature. 
 
 In summary, we have performed low frequency and rf noise spectroscopy measurements 

on InAs/Ga(In)Sb Corbino structures to gain a better understanding of the transport properties and 

shot noise characteristics of the 2D bulk and the contacts.  At higher temperatures, voltage noise 

remains relatively current independent about the thermal noise level.  As temperature is decreased 

and the 2D bulk is expected to gap out, however, shot noise becomes detectable.  Naively, treating 

the device as a single noise source, the magnitude of the shot noise appears much smaller than 2eI 
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and the curvature of the noise about zero bias is too broad for the given conductance and 

temperature of the device.  We have found the noise fits well to a model in which the applied bias 

is dropped over two contacts and the bulk, wherein only the voltage dropped over the contact 

resistances contributes to the shot noise, but all three contribute to the thermal noise.  Assuming 

voltage division between bulk and contacts reproduces the low bias noise dependence with 

reasonably small contact resistances, but at the cost of anomalously large Fano factors.  One 

candidate explanation for the enhanced Fano factors is positive feedback between the tunneling 

probability and space charge at the interface of the bulk and contacts.  These findings show that 

contacts to bulk 2DTI interfaces can have nontrivial noise response.     
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