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Edge states in lateral p-n junctions in inverted-band HgTe quantum wells
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We investigate lateral p-n junctions, electrostatically defined in 14-nm-wide HgTe-based quantum wells
(QWs) with inverted band structure. The p-n junction resistances are close to h/2e2, consistent with some
previous experiments on 8–10 nm QWs, and the current-voltage characteristics are highly linear, indicating the
transport via ballistic helical edge states. Shot noise measurements are performed in order to further verify
the underlying transport mechanism. We discuss the role of unknown inelastic relaxation rates in the leads and
in the edge channels for the correct interpretation of the noise data. Although the interpretation in favor of the
helical edge states seems more consistent, a definite conclusion cannot be drawn based on the present experiment.
Our approach looks promising for the study of short quasiballistic edges in topological insulators in suitable
geometry.
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I. INTRODUCTION

Theoretical prediction for the possible existence of gapless
edge states on the boundary between a topologically nontrivial
and a conventional insulator [1] has led to their experimental
realization in several materials [2,3]. Concerning the HgTe
quantum wells (QWs) with inverted band structure, edge
transport was verified, e.g., via nonlocal measurements [4]
or the visualization of current density [5,6]. Despite extensive
study, however, some fundamental aspects are still lacking
understanding. Edge conductance values, close to the quantum
e2/h, were demonstrated only for the shortest edges no longer
than few micrometers [2,7]. Up to now there is no agreement on
the dominant scattering mechanism [8–10], which leads to the
linear length dependence with the absent or weak dependence
on temperature for the longer edges [11]. Moreover, recent
experiments on InAs/GaSb QWs [12–14] demonstrate the
possible coexistence of helical edges with trivial edge states,
which are hard to distinguish from each other by transport
experiments. In the lack of clear demonstration of length-
independent conductance of the edge equal to e2/h, further
investigations are necessary to reveal the ballistic nature of
the edge transport. Our objective here is to implement noise
measurements for the study of edge states.

The nature of the edge conduction mechanism can be
directly probed by the measurements of spontaneous current
fluctuations (shot noise), which are induced by random
scattering events. For example, for a strictly one-dimensional
coherent conductor, the Fano factor F ≡ SI /2eI , where SI

is the spectral density of the fluctuations of the current I , is
directly related to the transmission T via F = 1 − T . For a
ballistic conductor the shot noise vanishes [15,16], while in
the diffusive multichannel regime F = 1/3 [17,18]. Despite
the obvious potential of shot noise measurements, to the
best of our knowledge, there is only one experimental study
considering current noise of the edge states [19]. The authors
examined relatively long resistive edges in 8 nm HgTe QWs
and obtained F between 0.1 and 0.3, qualitatively consistent
with the later developed theory [20], which considers the

exchange of electrons between edge states and conducting
puddles in the insulating bulk of the sample. Up to now,
vanishing shot noise—the direct consequence and evidence
of ballistic transport—was never observed for edges with
Redge ≈ h/e2.

Recently, the edge state contribution [21,22] was experi-
mentally identified in the conductance of lateral p-n junctions
in 8–10 nm HgTe QWs [23]. Here, we investigate such
junctions, defined electrostatically in 14 nm HgTe QWs in
the temperature range between 60 mK and 0.8 K. Transport
measurements demonstrate that the bulk conduction is shunted
by the edge channels on both sides of the p-n junctions. The
junction resistances close to h/2e2, as well as their linear
current-voltage characteristics, are the hallmark signatures
of the ballistic helical edge transport. We utilize the shot
noise measurements in order to further distinguish between
possible helical and trivial edge transport scenarios. For
the noise approach we demonstrate the importance of (i)
minimizing the contact resistance, (ii) knowledge of the
hole-phonon scattering rate �h-ph in p-type conduction region,
and (iii) knowledge of the energy relaxation rate �0 in the
edge. Comparing the experimental results with the model
calculations we find more consistency in the case of helical
edge states. Nevertheless, the uncertainty of various inelastic
scattering rates involved does not allow one to draw a definite
conclusion. Our approach may allow one to infer the edge
transport mechanism in samples designed more suitably for
noise measurements or provided the inelastic rates are known
in the future.

II. SAMPLES AND MEASUREMENT TECHNIQUE

Our samples’ are based on 14-nm-wide (112) Cd-
HgTe/HgTe/CdHgTe QWs grown by molecular beam epitaxy,
with mesas shaped by wet etching and covered with a
SiO2/Si3N4 insulating layer, 200 nm in total; see Ref. [24]
for the details. Metallic Au/Ti top gates enable us to tune the
2D system across the charge neutrality point (CNP) by means
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FIG. 1. Sample schematics. (a),(b) Schematic representation of
the central part of the samples S1 and S2 with measurement scheme.
The noise was measured from contacts N on both samples and
additionally from contact C2 on sample S1. (c) The layout of the
whole sample S2.

of field effect. Ohmic contacts are achieved by a few second In
soldering in air, providing a typical resistance of the ungated
mesa arms ≈5 k� at low T . The experiment was performed
in a dry Bluefors dilution refrigerator down to an electronic
temperature of 60 mK (verified by noise thermometry) and
in a liquid 3He insert with a bath temperature T = 0.5 K.
Transport measurements were performed in a two-terminal
or multiterminal configurations with a low-noise 100 M�

input resistance preamplifier. The voltage fluctuations were
measured within a frequency band 20–24 MHz for sample S1
and within 8.5–9.5 MHz for sample S2 on a R0 = 10 k� load
resistor, connected in parallel with 22 MHz (9 MHz) resonant
tank circuit. The signal was amplified by a homemade 10 dB
low-temperature amplifier (LTAmp), followed by a 3 × 25 dB
room-T amplification stage, and measured with a power
detector [not shown in Fig. 1(a)]. The setup was calibrated
via the Johnson-Nyquist thermometry. Below we present the
results obtained on two samples which demonstrate similar
behavior reproducible with respect to thermal recycling. We
note that transport measurements were also performed on two
more samples with similar results.
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FIG. 2. Local transport measurements. (a) Two-terminal resis-
tance at T = 0.5 K as a function of gate voltage for indicated contacts.
The dashed curve (contact S1, C4) is shifted downwards by 2.8 k�.
(b) Three-terminal resistance as a function of gate voltage for different
contacts obtained on the sample S1 at T = 80 mK. All curves are
vertically offset by the corresponding value at Vg = 0 V. Inset: layout
of a three-terminal measurement in sample S1 for the p-n junction
on the N lead.

III. TRANSPORT MEASUREMENTS

The sample layouts are shown schematically in Fig. 1 with
2D leads colored in gray and electrostatic gates in yellow.
Sample S1 is equipped with one large gate, while sample
S2 is equipped with two smaller gates, only one of which
(labeled with G) was used in the present experiment. Via
indexed letters “Ci” we denote 2D mesa leads [see the sketch
of the whole sample S2 in Fig. 1(c)]. Contacts labeled with N
were used for noise measurements. From four-point resistance
measurements at gate voltages Vg = 0 V and Vg = −6 V we
extract the electron (hole) resistivities ρe (ρh) of 230 (2000) �

for sample S1 and 240 (3200) � for sample S2.
In Fig. 2(a) we plot the gate voltage dependencies of

the two-terminal linear response resistances (R2t ) for several
contacts on both samples S1 and S2. In these measurements all
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contacts, except for the studied one, are grounded. At Vg = 0 V
the measured value, R2t,e, reflects the resistance of 2D mesa
leads and ohmic contacts at the In/2DEG interface (which we
denote via RCi/N,ohmic). This value is on the order of a few
kiloohms for most of the contacts. However, contacts C4 and
C5 of sample S2 were not not working, probably, due to poor
In soldering, and contacts C6 and C7 of sample S2, as well
as contact C3 of sample S1, had relatively large resistances of
approximately 20 k�, 70 k�, and 20 k�, respectively.

At negative enough Vg , when a p-type conduction regime
is set up in the mesa region under the gate, the measured
resistance, R2t,h, is determined simultaneously by ohmic
contacts, 2D leads, p-type conduction area under the gate, and
p-n junctions, formed in the mesa under the gate edge. For
all samples studied, R2t,h is almost Vg independent, though
with visible fluctuations, at Vg < −5 V. While both R2t,e

and R2t,h values may be affected by the unknown ohmic
contact resistance, their difference eliminates this uncertainty
and provides information about p-n junction resistances. We
note that for most contacts for all samples the difference
R2t,h − R2t,e is always close to RQ ≡ h/2e2 (see dotted lines
in Fig. 2), exceeding it by several kilo-ohms, which may
correspond to the resistance of the under-the-gate p-type
conduction region. This observation indicates that the transport
in p-n junctions occurs predominantly via two ballistic helical
edge channels on both sides.

Assuming all p-n junctions have resistance Rpn = RQ and
using measured values of ρe,h, for geometry corresponding to
mesa mask we calculate the expected two terminal resistance
(for both n- and p-type conduction under the gate) for
different contacts, and compare it with experimental values.
The expected values are illustrated in Fig. 2(a) by thick dashed
straight lines. For contact N on sample S1 the result is perfectly
consistent with the measured values both at Vg = 0 V and
Vg = −6 V under the assumption of vanishing corresponding
ohmic contact resistance RN,ohmic = 0 �. For contact C4
on sample S1 both measured resistances are greater than
calculated values by the same amount of ≈2.8 k�, which most
likely reflects RC4,ohmic = 2.8 k�. This consistency shows that
the resistance of p-n junctions in our devices is indeed close
to resistance quantum. For contact N on sample S2, while the
agreement for n-type conduction is good with negligibly small
RN,ohmic = 0 �, the measured resistance for p-type conduction
under the gate is by ∼4 k� smaller than the calculated one.
This might indicate the bulk of p-n junction contribution to
transport.

To explicitly demonstrate that the values of Rpn are
close to the quantized value, we perform the three-terminal
resistance measurements. As an example, the corresponding
measurement scheme for contact N is illustrated schematically
in the inset of Fig. 2(b). This geometry allows one to minimize
the poorly known input of area under the gate. In Fig. 2(b)
we plot the change R3t (Vg) − R3t (Vg = 0) of the measured
value as a function of Vg . The data demonstrate that indeed
at negative enough gate voltages this change is close to RQ,
up to the fluctuations. We note that the observation Rpn ≈ RQ

holds also for samples where noise measurements were not
performed and persists in all studied temperature range.

Edge transport in 14-nm-wide QWs in similar samples
was studied recently [7]. The presence of edge states in our
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FIG. 3. Evidence of the edge transport in the linear and nonlinear
response regime. (a) Nonlocal resistance as a function of gate voltage
at different temperatures. (b) Edge transport regime for Vg = −3.1 V
in the CNP region at T = 80 mK.

experiments in both linear and nonlinear transport regimes
is verified in Fig. 3. In Fig. 3(a) we plot the nonlocal
linear-response resistance, measured as indicated in the inset,
as a function of Vg at different temperatures in the range
80 mK–0.5 K. Qualitatively, the behavior of local [Fig. 2(a)]
and nonlocal resistances is similar and demonstrates the gate
voltage range in which the transport occurs via edge channels.
Figure 3(b) shows the set of three terminal I -V curves
measured on sample S1 as indicated in the inset. Here, the
source contact is C3, the ground contact is C1, and the voltage
on the contact probes C4–C8 and N is measured in respect
to the ground potential (see Fig. 1 for contacts labels; contact
C2 was not soldered in this experiment). These nonlocal I -V
curves measured with different contacts vary considerably: the
dependence of V on the contact position corresponds to the
contacts counterclockwise order, reflecting that near the CNP
the transport current in our samples flows around the mesa
edges under the gate. Moving away from the source contact,
we observe the transition from sublinear (which is typical
for the measurements of local resistance; see Appendix C)

245417-3



S. U. PIATRUSHA et al. PHYSICAL REVIEW B 96, 245417 (2017)

to superlinear I -V behavior, probably indicating the bulk
contribution to transport at distances bigger than ≈40 μm in
the considered bias voltage range.

For relatively long edges in the present samples we esti-
mate the edge resistivity ρedge � 25 k�/μm. The observation
Rpn ≈ RQ then implies that the p-n junctions length Lpn �
1 μm, which is much longer than the expected value of the
length of the depleted bulk region in the p-n junction ∼200 nm
(estimated from the insulator thickness). This observation
further suggests that the edge resistance is independent
of the length below 1 μm, and hence the realization of
transport across the p-n junctions via one-dimensional helical
edge states. The observation Rpn ≈ RQ then suggests the
suppression of backscattering (e.g., due to charge puddles in
the bulk of the p-n junctions [20,25,26]) on the length of
the p-n junction. In the following we utilize the shot noise
measurements in order to distinguish between possible helical
and trivial edge transport scenarios. We will compare the
obtained results with two limit predictions, corresponding to
either ballistic or diffusive conduction across the p-n junction.

IV. NOISE MEASUREMENTS

In Fig. 4 we plot the I -V curves and noise temperature
TN = SIR/4kB obtained at Vg = 0 V and large negative values
Vg = −6.175 V and Vg = −6.5 V, with p-n junctions formed,
from contact N of sample S1 at T = 0.4 K. We note that the
two-terminal differential resistance of our samples at large
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FIG. 4. I -V and noise measurements on the sample S1 at T =
0.4 K. (a) I -V curves measured in a two-terminal configuration
from the contact N at Vg = 0 V (blue) and at large negative Vg =
−6.175 V and Vg = −6.5 V. (b) Noise temperature at Vg = 0 V
(circles) and at Vg = −6.175 V and Vg = −6.5 V (crosses).

negative gate voltages is almost bias independent, with changes
on the order of a few percent, and is symmetric in respect
to bias inversion [see Fig. 4(a)]. This behavior is in contrast
with textbook behavior of semiconductor p-n junctions and
further indicates the edge states shunting the bulk of the p-n
junctions. At large negative Vg , noise temperature TN is almost
Vg independent and is higher than at Vg = 0 V, viewed as
a function of total applied bias voltage [see Fig. 4(b)]. We
emphasize that, in the presence of relatively resistive contact
leads, this is not necessarily due to the shot noise contribution
of the p-n junctions and may simply reflect the well-known
overheating effect, as discussed below.

In the absence of electron-phonon (e-ph) relaxation, the shot
noise spectral density is conveniently expressed in units of the
Schottky value F ≡ SI /2eI . Universal theoretical values of
the Fano factor F = 0 and F = 1/3 [or F = √

3/4 in the case
of strong electron-electron (e-e) scattering [27–29]] obtained
for ballistic and diffusive conductors, respectively, hold assum-
ing ideal boundary conditions for the electrons immediately
at the sample ends, i.e., for reservoirs of infinite size with
infinite electric and heat conductivities [18]. Experimentally,
however, the measured signal may be significantly affected by
overheating of the leads, which depends on its material, actual
size, and heat conductance. Qualitatively, in the presence of
current flow, the Johnson-Nyquist noise is no longer constant
with current but grows with bias. For example, for the
otherwise noiseless ballistic conductor connected in series
with realistic supply leads, this overheating is twofold. First,
the temperature of the contact 2D leads grows in accordance
with the total dissipated Joule heat. This, in turn, modifies
the electronic distribution function at the ends of the ballistic
conductor and thus leads to further noise increase. This effect
was observed as the measured noise increase for diffusive wires
connected to reservoirs with insufficient heat conductance
[18], or as finite noise on the conductance plateaus of ballistic
quantum point contacts [15,16,30,31]. The magnitude of this
stray noise temperature increase is determined by the ratio
of conductor’s and 2D leads resistances. Concerning available
shot noise experiments on HgTe QWs, while overheating effect
is not significant for long resistive edges (Redge/Rcont ≈ 10)
[19], it is not the case in the present study (Rpn/Rcont � 3). As
a result, the proper consideration of reservoir noise is of great
importance here. In the following, we first study reservoirs
heating in response to the flowing current and then discuss the
obtained results for the noise of p-n junctions.

A. Contacts heating

In order to take the influence of the n-type contacts into
account, we set Vg = 0 V and study the effect of 2D leads
heating in response to the flowing current. Experimental results
are shown in Fig. 5 for sample S2 by circles. To demonstrate the
influence of inelastic e-ph scattering, by dotted line we show
the prediction for the case, when e-ph scattering is absent.
The obvious suppression of the measured TN reflects the fact
that thermal relaxation of electrons is realized not only by
electronic diffusion towards the ohmic contacts, but also by
e-ph coupling. Local power flow between electron and phonon
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FIG. 5. Contacts heating study on the sample S2. Noise tempera-
ture as a function of bias voltage (symbols) at Vg = 0 V. Dotted line
is the prediction for the case when e-ph scattering is absent. Dashed,
solid, and short-dashed lines correspond to power-law heat transfer
between electron and phonon systems with exponent α = 2, 3, and
4, respectively.

systems is generally given by

Pe-ph = �e-ph
(
T α − T α

0

)
,

where T = T (x,y) is the position-dependent electronic tem-
perature, T0 is the bath temperature, and �e-ph is the material-
dependent e-ph coupling coefficient. Exponent α characterizes
the heat transfer mechanism and in general varies in the
range α ≈ 3–5 [32]. To evaluate �e-ph and α in our case, we
first numerically solve the two-dimensional stationary heat
diffusion equation

−∇(�∇T ) = QJoule − Pe-ph

along with Poisson’s equation for electric potential, for the
sample shape corresponding to the lithographic mesa pattern.
Here QJoule = j · E is the local Joule heat power source, L =
2.44 × 10−8 W � K−2 is the Lorenz number, and electronic
heat conduction is assumed to satisfy the Wiedemann-Franz
law

� = σLT .

Using the thus obtained electronic temperature profile,
we calculate the noise temperature of the sample via (see
Appendix A)

TN =
∫

T QJoule dx dy∫
QJoule dx dy

, (1)

with integration taken over the whole mesa.
We find that in the bias voltage range of a few millivolts

experimental data are best fitted with α ≈ 3 (see Fig. 5, solid
line). The corresponding value of �e-ph = 0.016 W/m2K3 is
the same for both samples S1 and S2 and is reproducible
with respect to thermal recycling. Passing, we note that
for larger bias voltages up to ∼100 mV (corresponding to
TN � 15 K) the data are perfectly consistent with α = 4 and
�e-ph ≈ 0.007 W/m2K4. Without going into the details of the
underlying microscopic mechanism leading to α = 3, we note
that it was observed, e.g., in graphene [33,34]. Concerning our

further analysis, we emphasize that the specific exponent is
not important as long as it adequately describes the heating of
contacts in the required range of TN .

B. Shot noise of p-n junctions

1. Model for simulations

In the following we will compare experimental results for
the noise of p-n junctions with numerical simulations obtained
in the model which we now describe. Our model geometry
(see Fig. 6) corresponds to mesa mask geometry with dotted
rectangle indicating the gate position. Gray areas are the n-
type conduction 2D leads with electron resistivity ρe and e-ph
coupling �e-ph, evaluated above; yellow area is the p-type
conduction region under the gate with hole resistivity ρh and
unknown hole-phonon coupling �h-ph. Shaded rectangles at the
edge of the gate model p-n junctions, each with conductance
G = GQ ≡ 2e2/h, which are formed at large negative gate
voltages. We set boundary conditions by defining temperatures
T = T0 and electric potentials ϕN = V , ϕCi = 0 at the ohmic
contacts. The bias voltage, V , applied to the N contact, defines
the current through each mesa arm, allowing the temperature
map to be obtained from the combined solution of Poisson’s
and heat diffusion equations. This is enough to calculate the
noise temperature of the sample as we discuss below.

Generally, noise power of the current fluctuations in the
noninteracting scattering theory is determined by two inputs
[35]:

S = Sthermal + Spartition.

Here, the first term is the analog of the equilibrium noise
contribution (i.e., the Johnson-Nyquist noise), present in any
conductor:

Sthermal = GQ

∑
n

∫
dE{Tn[fL(1 − fL) + fR(1 − fR)]}.

Note that the electronic energy distributions fL and fR on
the left- and the right-hand sides of the conductor are not
necessarily the same. The second term is the shot noise

h , h

I
fR , TR

fL , TL

e 

e

T0 , =0

T 0
 , 

=0
T0 , =0

T0 , =0

T0 , =0

T0 , =V

T0 , =0

FIG. 6. Model for calculations. P -type conduction region is
yellow; n-type conduction region is gray. Dotted line shows the gate
boundary. We fix the temperatures T = T0 and electric potentials
ϕN = V , ϕCi = 0 at ohmic contacts.
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contribution that originates from partitioning of the charge
current in the conductor:

Spartition = GQ

∑
n

∫
dE{Tn(1 − Tn)(fL − fR)2}.

We consider two limit predictions for the noise of our p-n
junctions. The first one corresponds to ballistic conduction
across the p-n junction, when for the p-n junctions Spartition

vanishes and their current spectral density is completely
determined by Sthermal:

Sball = 2GQkB(TL + TR).

Here the factor 2 comes from the fact that conduction is
realized along two edges of the junction. Additionally, we
assume electronic energy distributions at the boundaries of
the p-n junction to be Fermi Dirac with temperatures TL and
TR , that are obtained numerically from the solution of heat
diffusion equation. Such an assumption ensures the proper
heat flow outwards the p-n junction in our model calculations.

Another limit is realized when conduction across the p-n
junctions is diffusive (in the case of trivial edge states). Here,
current spectral density is determined by both equilibrium
and shot noise contributions. In principle, two situations are
possible for diffusive conduction. (i) In the case of strong
enough e-e scattering, when each point inside the junction may
be considered as in local equilibrium with position-dependent
temperature, Eq. (1) holds and current noise of each p-n
junction can be calculated via

Sdiff = 4kBTN,pnGQ. (2)

With negligible e-ph scattering this relation is equivalent to
the familiar result TN,pn = FeVpn/2kB with F = √

3/4 [27].
(ii) If the p-n junction is short enough so that e-e scattering
is negligible, another situation might be the case—electron
distribution is of a double-step form resulting in smaller
noise, characterized by F = 1/3. Experimentally, however, the
difference between cases (i) and (ii) is leveled by overheating
of the nonideal 2D leads [18]. Namely, monotonous growth
of TL and TR with current makes the difference between
local-equilibrium and double-step situations on the order of
a few percent in our experiment. Thus, in terms of input to
the measured TN , in diffusive case situations (i) and (ii) are
equivalent and we therefore limit ourselves to consideration of
only the former case where we use Eq. (2).

The noise of 2D leads in both ballistic and diffusive cases
is calculated via Eq. (1). We treat 2D leads and all formed p-n
junctions as uncorrelated noise sources and calculate the noise
temperature of the whole sample using standard formalism
[35].

2. Experimental results

We now discuss experimental results obtained at large
negative gate voltages. In Fig. 7 we show the data (symbols)
obtained on sample S1 at Vg = −6.5 V at T = 80 mK,
0.2 K, and 0.4 K (from bottom to top; see Appendix B for
results obtained for sample S2). These results are almost Vg

independent for large negative Vg [see also Fig. 4(b)]. We
emphasize that the data slope d(2kBTN )/d(eV ), lying in the
range 0.15–0.25 in this case, should not be confused with the
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FIG. 7. Noise measurements for p-n junctions at large negative
gate voltage. Shot noise measured with contact N on the sample
S1 (symbols) at T = 80 mK, 0.2 K, and 0.4 K (from bottom to
top) at Vg = −6.5 V. Solid lines are the best fits with �h-ph(ball) =
0.1, 0.08, 0.06 W/m2K3 in the ballistic model (right half-panel)
and �h-ph(diff) = 2.5, 2.5, 3 W/m2K3 in the diffusive model (left
half-panel), correspondingly. For the T = 0.4 K data by dashed lines
we additionally plot model predictions for the values of �h-ph =
0, 0.014 (equal to �e-ph) and, in the case of the diffusive model, for
0.06 W/m2K3, which corresponds to the best fit in the ballistic case.

Fano factor of the p-n junctions since the measured signal is
comprised of both the junctions and the contacts noise inputs.

As already discussed, in these measurements the p-n junc-
tions are connected to the ohmic contacts not only via 2D leads
with n-type conduction, but in part also via a more resistive
p-type conduction region under the gate. Unfortunately, the
geometry of our samples doesn’t allow one to independently
determine the rate of hole-phonon energy relaxation �h-ph.
We are not aware of any systematic studies of �h-ph in HgTe
QWs; however, there are some indications from transport-
based measurements of energy relaxation that the hole-phonon
energy relaxation is significantly enhanced compared to �e-ph

[36]. In the following, we compare experimental data with
model predictions for various values of �h-ph.

The best fits of experimental data are shown by solid
lines in Fig. 7 for both ballistic (right half-panel) and
diffusive (left half-panel) cases. Specifically, for the data
at T = 0.4 K, we find that it is described by the ballistic
model at �h-ph = 0.06 W/m2K3 and by the diffusive model
at �h-ph = 3 W/m2K3. Additionally, for this data we plot
model results for the values of �h-ph = 0,0.014 (equal to �e-ph)
and, in the case of the diffusive model, for 0.06 W/m2K3,
which corresponds to the best fit in the ballistic case (dashed
lines, from bottom to top). We find that for the values of
�h-ph ≈ �e-ph the model prediction is much greater than the
experimentally observed value even in the ballistic case,
indicating that �h-ph � �e-ph. This observation is general and
holds for all temperatures and both samples. We summarize
all obtained results in Table I (all values are in the units of
W/m2K3).

As one can see, for the ballistic case the model is in
agreement with experimental data for the relatively reasonable,
almost T -independent, similar for all measured configurations
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TABLE I. Noise measurements.

Noise measurements

Sample T �e-ph �h-ph (ball) �h-ph (diff)

S1 0.08 0.014 0.1 2.5
0.2 0.012 0.08 2.5
0.4 0.014 0.06 3
0.5 0.016 0.14 140
0.6 0.014 0.08 5
0.8 0.012 0.08 >140

S1/2 0.1 0.016 0.14 14
0.2 0.016 0.14 14

S2 0.06 0.014 0.3 2.5
0.15 0.015 0.3 2.5
0.5 0.018 0.35 8

values of �h-ph(S1) � 0.14 W/m2K3 and �h-ph(S2) ≈
0.3 W/m2K3. For the diffusive case these values must be
additionally at least 10 times greater, demonstrating also no
consistency for various temperatures and samples. Although
not providing definite value for the shot noise of p-n junctions,
these findings suggest that it is suppressed compared to the
diffusive value.

C. Energy relaxation of the edge states

While the p-n junctions are relatively short, nevertheless
in the diffusive case there is a possibility of hitherto neglected
energy relaxation in the edge states themselves. Its rate �0

can in principle be inferred from the noise measurements on
different length edges in a suitable geometry. We provide
an estimate of �0 based on the measurements on several
micrometers long edges in our samples assuming a diffusive
local-equilibrium situation. In Fig. 8 we plot the noise
temperature as a function of bias voltage for two 5-μm

-1 -0.5 0 0.5 1
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T N
(K
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no e-ph

FIG. 8. Energy relaxation of the edge states. Noise measurements
for several micrometers long edges N-C1 and N-C8, connected in
parallel [see Fig. 1(a)], at T = 80 mK, 0.2 K, and 0.4 K on sample S1
at Vg = −3.6 V. Solid lines are plotted for �0 = 0.7 μW/mK3. For
T = 0.4 K by dashed lines we additionally demonstrate the influence
of edge energy relaxation for �0 = 0, 0.3 μW/mK3.

and 10-μm-long edges connected in parallel, at T = 80 mK,
0.2 K, and 0.4 K (symbols, from bottom to top). Dashed upper
line, plotted for T = 0.4 K, corresponds to negligible inelastic
scattering and demonstrates the importance of relaxation in the
edge to the external bath. This is also suggested by sublinear
behavior of lowest-T data TN (V ) at low bias. In the given
bias voltage range it is not possible to discern the exponent
of energy relaxation of the edge states and we stick to α = 3
(which doesn’t influence our general conclusion). We obtain an
upper bound for the edge energy relaxation rate, expressed per
unit length as �0 = 0.7 μW/(mK3) (see solid lines in Fig. 8).
To demonstrate the effect of �0 by the lower dashed line we
also plot the result of simulation for the intermediate value
�0 = 0.3 μW/mK3.

We now take energy relaxation in the p-n junctions into ac-
count under the assumption of the trivial diffusive conduction
mechanism. With the value of �h-ph corresponding to the best
fit in the ballistic case, we find that �0 = 0.7 μW/mK3 in the
diffusive case would be sufficient to fit experimental data of
Fig. 7 were the length of the p-n junctions Lpn = 1.6 μm,
which is much longer than the electrostatically expected
value ∼200 nm. In Appendix D we additionally demonstrate
the influence of energy relaxation in the edge for various
lengths of the p-n junctions. Specifically, for 200-nm-long
p-n junctions we find that the effect of edge energy relaxation
with �0 = 0.7 μW/mK3 is almost negligible and leads to only
slight correction �h-ph = 3 → 2 W/m2K3.

V. CONCLUSION

In summary, we studied the lateral p-n junctions, electro-
statically defined in 14-nm-wide HgTe-based QWs. Resistance
values close to h/2e2 and linear current-voltage characteristics
indicate that transport across the junctions may be realized
via two ballistic helical edge channels on either side of
the junction. Noise measurements and numerical modeling
are used to distinguish between the helical states and pos-
sible trivial diffusive edge states scenarios. We take into
account the effects of contacts heating, hole-phonon coupling
in the p-type conduction region, and energy relaxation in the
edge states. Due to the unknown energy-relaxation rates our
conclusion is not definitive; however, the obtained results are
more consistent with the prediction for helical edge states
transport across the p-n junction. Our approach may allow
one to infer the edge transport mechanism in samples designed
more suitably for noise measurements or provided the inelastic
rates are known.
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APPENDIX A: NOISE IN NONUNIFORM CASE

We derive noise temperature TN of a nonuniform 2D
conductor (see Fig. 9), where fluctuations at different points are
uncorrelated and can be represented by local noise temperature
T (x,y). The conductor is sliced into strips, separated by
equipotential lines V = const (dashed lines on a figure). Such
strips can be considered as resistors connected in series. Thus
the spectral density of the voltage fluctuations SV of the whole
conductor is

SV =
∑
strips

SV,strip =
∑
strips

SI,stripR
2
strip.

Each strip is then divided into cells by current streamlines
(lines with arrows on a figure) so that no current is flowing
through the boundaries between cells. Such cells can be
considered as parallel resistors, so

SI,strip =
∑
cells

SI,cell =
∑
cells

4kBTcell

Rcell
.

The noise temperature of the conductor TN is then determined
by

TN = SV

4kBR
= 1

R

∑
strips

R2
strip

∑
cells

Tcell

Rcell
.

The resistance of a cell can be expressed as Rcell = 	V/Icell,
where 	V is a voltage drop on a strip and Icell is a current
flowing through the corresponding cell, and resistance of a
strip can be expressed as Rstrip = 	V/I , where I is a full
current flowing through a conductor. Then

TN = 1

I 2R

∑
strips

∑
cells

TcellIcell	V .

Here Icell	V is a Joule power dissipated in a cell Qcell and
I 2R is a full Joule power dissipated in the conductor. In the
limit we obtain

TN =
∫

T (x,y) QJouledx dy∫
QJouledx dy

,

where QJoule is the local Joule heat power.

V=V'

T(x,y)

V=0

V=V0

V=V'+ V

strip

FIG. 9. Nonuniform 2D conductor.
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FIG. 10. Noise measurements for p-n junctions at large negative
gate voltage. Shot noise measured with contact N on the sample
S2 (symbols) at T = 60 mK, 0.15 K, and 0.5 K (from bottom to
top) at Vg = −7, −5.4, and −7 V. Solid lines are the best fits with
�h-ph(ball) = 0.3, 0.3, 0.35 W/m2K3 in the ballistic model (right
half-panel) and �h-ph(diff) = 2.5, 2.5, 8 W/m2K3 in the diffusive
model (left half-panel), correspondingly.

APPENDIX B: NOISE OF p-n JUNCTIONS

In Fig. 10 we show the data (symbols) obtained on sample
S2 at Vg = −7, −5.4, and −7 V at T = 60 mK, 0.15 K, and
0.5 K, correspondingly (from bottom to top).

APPENDIX C: DIFFERENTIAL RESISTANCE

In Fig. 11 we plot the differential resistance of two
5-μm (N-C1) and 10-μm-long (N-C8) edges connected in
parallel on sample S1. These data are obtained by numerical
differentiation of I -V curves measured at Vg = −3.6 V. At
sufficiently high bias the resistance at T = 0.4 K is slightly

-1 -0.5 0 0.5 1
 V  (mV)

60

70

80

90

100

 R
 (k

)

FIG. 11. Differential resistance of two 5-μm (N-C1) and 10-μm-
long (N-C8) edges connected in parallel on sample S1 [see Fig. 1(a)],
at Vg = −3.6 V at T = 80 mK (blue), 0.2 K (red), and 0.4 K
(yellow).
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FIG. 12. Shot noise measured with contact N on the sample S1
(symbols) at T = 0.4 K at Vg = −6.5 V (see Fig. 7). The dashed
line reflects no energy relaxation in the p-n junctions. Solid lines
(top to bottom) are the diffusive model results for L = 0.2, 0.8, and
1.6 μm with �h-ph = 0.06 W/m2K3, corresponding to the best fit of
the ballistic model.

greater than at lower temperatures, probably due to
some drift of R(Vg) dependence on a large time
scale.

APPENDIX D: ENERGY RELAXATION
OF THE EDGE STATES

Assuming a trivial conduction diffusive mechanism with
�h-ph corresponding to the best fit in the ballistic case, we
study if the distinction between ballistic and diffusive models
may be ascribed to the energy relaxation in the p-n junctions.
In Fig. 12 we demonstrate the influence of edge energy
relaxation with the rate �0 = 0.7 μW/mK3 (see Fig. 8) for
various lengths of the p-n junctions. We find that for the
electrostatically expected value of the length of the p-n
junctions Lpn ≈ 200 nm the effect of energy relaxation is
insignificant (see the top solid line). Our model shows that the
experimental data would be consistent with the diffusive model
only for the unreasonably longer p-n junctions Lpn ≈ 1.6 μm
(bottom solid line).
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