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ABSTRACT Sensor miniaturization together with broadening temperature

sensing range are fundamental challenges in nanothermometry. By exploiting a
large temperature-dependent screening effect observed in a resonant tunneling
diode in sequence with a GalnNAs/GaAs quantum well, we present a low
dimensional, wide range, and high sensitive nanothermometer. This sensor shows
a large threshold voltage shift of the bistable switching of more than 4.5 V for a
temperature raise from 4.5 to 295 K, with a linear voltage —temperature response
0f 19.2 mV K", and a temperature uncertainty in the millikelvin (mK) range. Also,
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when we monitor the electroluminescence emission spectrum, an optical read-out control of the thermometer is provided. The combination of electrical

and optical read-outs together with the sensor architecture excel the device as a thermometer with the capability of noninvasive temperature sensing, high

local resolution, and sensitivity.
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hermometry at the nanoscale attracts
Tconsiderable interest'? and the de-
mand for accurate temperature map-
ping spans from microcircuits in solid-state
devices** to living cells in biological systems.>®
Specifically at the nanoscale, temperature
differences of a few Kelvin can alter the
device performance significantly.”?® Addi-
tionally, heat dissipation and thermal trans-
port properties may be significantly different
in low dimensions compared to bulk-like
systems.”~"" Therefore, it is crucial to have
precise thermometers with high local re-
solution. In this field, different types of
thermometers exist which exploit different
thermometric effects. For instance, one can
cite the Seebeck voltage in thermocouples,
thermal expansion of liquids in carbon nano-
tubes,'? and the temperature-dependent
Johnson noise'® and shot noise in tunnel
junctions' which usually require advanced
read-out schemes.
The sensor concept proposed here can be
achieved by electronic structure and doping
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engineering of resonant tunneling diodes
(RTDs) in sequence with a heterojunction
interface and is provided by a wide and
deep, and heavily n-doped quantum well.
At the junction, a temperature-dependent
electric field screening due to accumulated
electrons at the interface leads to a large
threshold voltage shift of the RTD bistable
transition with a linear voltage—temperature
response.

DESIGN AND FABRICATION

The RTD was grown by molecular beam
epitaxy in the following way. On top of an
n-doped GaAs source layer, an undoped
double barrier structure (DBS) was realized,
which consists of two 3 nm thick Aly sGag 4As
barriers sandwiching a 4 nm thick GaAs
qguantum well. At the source and before
the DBS, 300 nm GaAs were deposited with
doping concentration from n=10"cm > to
10" cm 2 followed by /, = 15 nm undoped
GaAs. The DBS thickness is Ig, = 10 nm. After
the DBS, a 5 nm thick undoped GaAs spacer
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was grown followed by an /y = 160 nm thick
Gaj_In,N,As;_, layer. The N and In contents, x =
11% and y = 4%, ensure a lattice-matched growth to
GaAs with a band gap energy of £, = 0.95 eV."” The
corresponding conduction band offset of the GalnNAs/
GaAs interface is ~ 0.38 eV. Finally, a 500 nm thick
n-doped GaAs drain contact layer was grown on top.
After the growth process, RTD mesas with diameters
ranging from 1 to 12 um were processed by electron
beam lithography and dry chemical etching techniques.
The top ring-shaped contact is composed of Ti/Pt/Au
and the bottom contact, of alloyed AuGe/Ni/Au.

Additionally, a reference structure was grown and
studied in analogy to the RTD under characterization
for which the GalnNAs region was replaced by GaAs
leaving everything else unaltered. It allows contrasting
the main thermometric properties of the sensor.

RESULTS AND DISCUSSION

A schematic illustration of the RTD thermometer is
shown in Figure 1A. The corresponding conduction
(CB) and valence band (VB) profiles as well as the
charge carrier densities are represented in Figure 1B,C.

A

growth direction

Figure 1. (A) Schematic illustration of the RTD nanothermo-
meter. (B) Conduction and valence band profiles with
electrons injected from the source. (C) Charge density
profiles: the RTD voltage drop V,4(T) results from the
arrangement of the 2-D sheet electron densities n;, n,c
and the 3-D donor densities I1" and N along the structure.
(D) Temperature evolution of the GalnNAs/GaAs interface
with the energy of the first quantized state E;, the chemical
potential 4, and the corresponding potential —|e|Fz.
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Electrons injected from the source can tunnel re-
sonantly through the DBS whenever their energy is
equal to the one of a quantum well layer subband.
The current | depends on the transmission probability
and the electron supply function,’®'” while the RTD
voltage drop, Vg, is mainly determined by the arrange-
ment of accumulated electron and ionized donor
densities.'”® Two electron densities, n,c and n; are
formed due to electrons at the source and at the
GalnNAs/GaAs interface. The first one is formed at a
distance /,, and the second one, at /y from the DBS, as
indicated in Figure 1C. The donor density at the source,
IT", is uniformly distributed along the distance /; of the
doped layer, a length /, apart from the DBS. The density
N spreads within the GalnNAs layer and the GaAs drain
side of the interface with lengths Iy and /,, respectively.
Figure 1D shows schematically the band profile at
the GalnNAs/GaAs interface for different temperatures.
As one can see later, this temperature-dependent inter-
play between the accumulated electron density and
the electric field alters the resonance bias voltage of
the RTD.

Thermometric Transport Response. The experiments
were performed in the following way: for temperatures
between 4.5 and 295 K, the current / through the
RTD was measured by sweeping the voltage, V.,
from 0 to 11 V and back to 0 V. Figure 2A shows
the corresponding RTD /—V characteristics for various
temperatures ranging from T=4.5 Kup to T=295 K. At
room temperature, the RTD is bistable with a threshold
voltage for the up-sweep direction (increasing voltage)
V, = 648 V and V4 = 5.69 V, for the down-sweep
direction (decreasing voltage). The peak and valley
current are I, = 1.8 mA and /, = 0.6 mA with a cor-
responding peak-to-valley current ratio (PVR) of 3.1.
When the temperature is reduced from T=295t0 4.5 K,
the bistable region of the RTD /—V characteristic shifts
to larger bias voltages, e.g., the up- and down-sweep
thresholds are V,=10.91Vand V43=9.83VforT=4.5K.

Figure 2B shows various [—V characteristics from T=
295 to 4.5 K that were simulated using a modified
Schulman's equation'® with a temperature dependent
voltage shift AV. The Lorentzian shaped transmission
T, in Schulman's model does not account for different
types of broadening effects, such as inelastic phonon
scattering. According to Blittiker, the total width of the
transmission, I'=I's 4+ I}, can be expressed as the sum
of elastic I', and inelastic I'; broadenings. The transmis-
sion function is then given by

T
=—2%—— (1)
(E—E)+,1°

The electron supply function used in Schulman's
equation considers emission from a flat band, that
we assumed as temperature independent, using the
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Figure 2. Temperature dependence of the current—voltage
characteristics. (A) /—V curves for various temperatures from
T=4.5to 295 K for the sample with the GalInNAs/GaAs hetero-
juntion. The threshold voltages V,, and V shift to larger bias
voltages, when the temperature is reduced from T = 295 to
4.5 K. (B) Simulated /—V curves for various temperatures from
T=4.5to 295 K using a modified Schulman's equation. (C) I-V
characteristics of the reference sample show no pronounced
threshold voltage shift, when the temperature changes.

effective mass approximation and the Fermi distribu-
tion function. The current is then given by

. Tem*kT 1 (E—nV T
J = e [tan (Fi/Z +2

e(77V+EF7E,/kT) +1
xIn|——m—+—
e(*?]V+EF*E,)/kT+1

) +hEeV 1) (2

The second term on the right side of eq 2 accounts for
the additional current of the diode form.?° The para-
meters used in the calculations were the following:
m* = 0.061m,, the GaAs conduction band effective
mass; E, = 150 meV, the confined energy level mea-
sured from the conduction band bottom at the source;
Er = 50 meV, the corresponding Fermi energy, I'e =
TmeVand ;=T + (2 x 107°)T [meV], the elastic and
inelastic broadenings; 7 = 0.04, the efficiency; and
h =3000, a correction parameter for the valley current.
To account for the additional temperature dependent
voltage shift AV, Vis replaced in eq 2 by

(V—AV) x B[V — AV] 3)
where © is the Heaviside function. The description
of the voltage shift, AV, dependence on temperature
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Figure 3. Electrical read-out of the nanothermometer is
provided by a reduction of the threshold voltages V,, with
o =t, u, d for a temperature raise from T = 4.5 to 295 K. (A)
Temperature dependence of the distinct voltages V,, Vg,
and V,, with /(Vy) = 100 uA. (B) Here, the corresponding
relative shifts of the threshold voltages, AV, are shown
and the temperature uncertainty of the nanothermometer.
In total, there is a shift of about 4.5 V with an almost linear
slope of 19.2 mV K~'. (C) Calculated threshold voltage
shift as a function of temperature and applied electric
field.

will be given below. To assess the relevance of this
effect, selected /—V curves from the reference sample
(described in the Design and Fabrication section)
are shown in Figure 2C for temperatures T = 295, 77,
and 4.2 K. In contrast to the reference sample, the RTD
with the GalnNAs/GaAs layer shows a large shift of the
threshold voltages V,, and V4 with temperature.

The temperature dependence of the threshold
voltages, V,, with a =t, u, d, are plotted in Figure 3A.
V., and V4 correspond to the separation voltages of the
bistable region, while V, is defined for a current flow,
Iy =100 uA, i.e., V(I = 100 uA) = V;. All three threshold
voltages show a pronounced shift to lower bias
voltages when the temperature is raised. For example,
V,is 6.50 V for T = 295 K, and 1098 V for T = 4.5 K,
respectively. Remarkably, the threshold voltage shift
is almost linear over the wide temperature range from
T=451t0295K.

For a better comparison, the relative threshold
voltage shift, defined by AV, = V(4.5 K) — V(T), is
shown in Figure 3B. Despite the significant different
between the corresponding currents, i.e., I, ~ ¢A and
oy ~ mA, all three threshold voltages shift nearly
identically with temperature within ranges of V(4.5 K) —
V(295 K) = 4.050, 4.592, and 4415 V for Vg, V; and V,,
respectively. Furthermore, a temperature sensitivity
of § = AV,/AT = 192 mV K~ ' was determined from a
linear fit of all three threshold voltages. Also, Figure 3B
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shows the temperature uncertainty 0T obtained by
measuring the standard deviation of the threshold
voltage for each temperature and the corresponding
sensitivity. The temperature uncertainty is defined by
the ratio of the experimental detection setup noise
floor o and the sensitivity, i.e., 0T = ¢/S. The noise floor
is dominated by current/voltage fluctuations and the
main noise source in the thermometer is shot noise. 6T
displays a constant value of 5 mK within the tempera-
ture range of T = 295 to 40 K. Below T = 40 K, the
temperature uncertainty increases as a result of the
reduced sensitivity.

One can relate the observed large threshold shift
to a temperature dependent screening in the RTD.
According to ref 21, the electron density n,. is tem-
perature independent, while the temperature depen-
dence of n; can be calculated as

1+exp <ﬂ k_TEi)] (4)
B

with kg being the Boltzmann constant, T the tempera-
ture, m the effective mass, E; the energy of the localized
state, and u the electrochemical potential.

Using charge conservation and neutrality, ITT/, —
(Nac + N) + Ni(Iy + I5) = 0, with the convention that
Nae i, ITY, and N have a positive sign. Therefore, the
RTD voltage drop V.4 is given by

sl
n=m—slIn
h

_ Nac Ng 2
Vid = Vab —— (IN+ 1) +— (IN+ 1)
€ 2¢

l_I+ n;
- Il +; (h 41y 4 lgp + IN)
ni — I, 2

(5)

— S+ e+ I+ )

where Vg, = —[na.c — (IT11)/ellyp is the voltage drop
across the double barrier. To model the temperature
dependence of the RTD threshold voltage, we con-
sidered that the charge accumulated before the
double barrier, n,c = Ni(ly + ), is independent of
temperature?' and n; =IT"/;. In this way, changes of
the charge concentration n; also affect the size of the
depletion region with positively charged donor con-
centration IT*. For a constant transmission probability
of the RTD, e.g., at the peak current, the voltage at the
DBS, Vg, is constant. Using eq 5 and the neutrality
condition constraints, one obtains

V2 e n?f 1 1
Vi = —|Vap| — db — A
' 2Ng 2, 2e\II" Ny
ni [Vab|
— | IN+ 1= 6
+S<N+a deJ’éb) (6)

Note that V,,q < 0 for n; = 0. For high doped donor
density and IT™ = Ng, the third term in eq 6 (~n?) can
be neglected with respect to the linear term. Thus, if
IN+ la — lab(|Vab|/NSb) > 0, the linear term is positive.
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This condition can be attained for large enough values
of (I + I,) and/or N{.

Thelasttermin eq 6 becomes, AV = (n/e)(Iy+ 1, — 2
Iap), for | Vap| = 0.3V, Igp = 10 nm, and N = 10" cm 3,
Then, since Iy + I, — 2lgp, = Iy, for a constant voltage
drop at the double barrier, Vg, an increase in n; with
temperature will lead to the voltage shift,

Av =" (7)
&

which reduces the absolute value of |Vl i.e., |Vita(T:)| <
|Viwa(T2)| for Ty > To.

A temperature raise increases the charge density n;
which, in turn, reduces the total voltage drop V4. This
condition is required to drive the RTD at a constant
transmission probability with a DBS voltage drop V.
Thus, more electrons are confined in the triangular
shaped well, which is formed at the GalnNAs/GaAs
interface and modulated by the potential —|e|Fz, where
Fis an electric field locally produced by an external bias
and charge redistribution along the structure, as de-
picted in Figure 1B,D. A temperature raise results in
additional electron accumulation at the interface,
which screens the electric field and causes a reduction
of E; which increases the electron density. By simplify-
ing the confined level at the triangular well formed at
the junction, its energy value with respect to the drain
contact s given by u — E = Vo — (h%/2m)"3(9/8meF )3,
where Vo = 230 meV is the depth of the triangular
potential with respect to the drain and F. is the
corresponding effective electric field. Fe is given by
Fess = F — (eni/2¢) and accounts for the electric field
screening of the temperature-dependent charge den-
sity n;, which reduces the field F. F and eq 4 set a
transcendental equation that can be numerically solved
for n;. These values were introduced into the voltage
shift of eq 7 that was plotted in Figure 3C. Thus, to
observe the large shift AV, it is essential to have a wide
GalnNAs quantum well with [y = 160 nm and high
doping level n;. There is however a limiting factor to
the size of the GalnNAs layer. For a wide quantum well,
the sample quality is degraded due to unavoidable
crystal defects within GalnNAs and the resistance is
strongly enhanced. When this resistance effect becomes
dominant, it limits the performance of the device.
The shift of the RTD threshold with temperature allows
an electrical read-out of the device. The projection
of the symbols on the surface in Figure 3C onto the
temperature—voltage plane corresponds to the theore-
tical curve plotted in Figure 3B.

Thermometric Optical Read-Out. Additionally, the RTD
nanothermometer emits light with the GaAs bandgap
energy through electron—hole pair recombination,
in which holes are created by impact ionization.”
Figure 4AB shows the contrasting emission conditions
for no applied bias and for a biased nanothermometer
above the V, resonant threshold. The electroluminescence
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Figure 4. Optical read-out of the nanothermometer is pro-
vided by electroluminescent (EL) emission. (A) Top-view
photograph of the nanothermometer for zero bias voltage.
The Au-ring contact is centered on top of the RTD mesa
structure. (B) Top-view photograph of the nanothermometer
biased above V,;: EL-signal is observed from the RTD-mesa.
(C) Normalized EL-Spectra for temperatures T = 9 K (black)
and T = 150 K (red). The EL emission can be ascribed to the
GaAs drain region of the RTD nanothermometer.

(EL) is also a thermometric function of the device and
two examples of the temperature resolved spectra are
displayed in Figure 4C.

The EL signal from the RTD can be analyzed by
either the spectral maximum or the integrated inten-
sity. Since the RTD emits light with the GaAs bandgap
energy with intensity that peaks at the resonant
current condition, the temperature information read-
out can also be attained optically and remotely via
EL, as shown in Figure 5A,B. Figure 5A illustrates the
position of the spectral maximum, obtained experi-
mentally, corresponding to the GaAs energy gap,
as shown by the theoretical points after the Varshni
model** as,

(8)

with Ey = 1.5216 eV, o = 8.871, and 8 = 572.* This
agreement can be used for calibration purposes. Under
operation, the RTD generates heat, which can be
minimized under low power configuration, i.e., read-
out of V; for a small threshold current, /.. Yet, as noted
in Figure 5A, obtained at the condition of resonant
current, no sensitive self-heating effect seems to be
apparent, since the environmental temperature coin-
cides with the one expected from the spectral position
of the EL-emission.

Beside the thermometric energy shift, the emission
intensities can also be used for read-out. The relative
emission strength, obtained at working configuration
with constant current flow, varies within a three order
range, as spotted in Figure 5B. As the threshold voltage
is shifted toward lower values, the electrons injected
from the resonant tunneling structure have less energy
when reaching the drain and therefore a reduced
probability to undergo an impact ionization process.
Thus, fewer holes are created and subsequently the

Eq = Eo—oT?/(T+p)
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Figure 5. (A) Energy of the spectral maximum of the elec-
troluminescence signal. The theoretical bandgap energy of
GaAs according to the Varshni model is also shown. (B) The
optical read-out by the integrated EL intensity can be
complementary used to detect the temperature at the
junction with 3 orders of magnitude increment.
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Figure 6. (A) Relative sensitivities of the electrical read-out.
The voltage read-out mode displays relative sensitivities in
the range of 0.25-0.5% K~' for T = 220 K at a constant
absolute sensitivity. In the current read-out mode, the
sensitivity reaches values up to 6.1% K" at T=90K. (B)
Relative sensitivities of the optical read-out. The relative
sensitivity of the EL intensity is enhanced by 2 orders of
magnitude compared to the peak maximum position.

temperature increase leads to a reduction of the EL
intensity as shown in Figure 5B.

Comparison of the Thermometric Read-Outs. The figure of
merit of different thermometers is the relative sensi-
tivity Sel, Which displays the percentage change of the
read-out output versus temperature.”'%?* S, allows
comparing the different read-out modes of the RTD
nanothermometer. Either electrically via the read-
out of the threshold voltages, V,, or optically via the
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read-out of the spectral position and intensity of the EL
signal (Ey and g, respectively). The relative sensitiv-
ities for the different read-out outputs are given by
dividing the absolute sensitivity by the absolute output
parameter,

ol
oT

dEm

5rel = _/Vu/ ?

leL,
aT /leL

/Ewm )

The temperature dependence of S, is displayed in
Figure 6A for the electrical read-out, and in Figure 6B
for the optical read-out. For the electrical read-out, the
threshold voltage, V;, shows the highest relative sensi-
tivity with a maximum of S, = 0.5% K" at T =220 K.
For V, and Vg, the relative sensitivities are about half
the value for V; (because V,,V4 > V). For temperatures
below T = 50 K, S, is reduced due to the decreasing
absolute sensitivity. In addition to the highest relative
sensitivity, the read-out of V; also offers a low power
operation in combination with the lowest noise floor
and smallest temperature uncertainty (see Figure 3B).
By operating the device in a constant voltage mode
with the current, /, serving as read-out parameter, the
relative sensitivity, S, = (3//8T)/l, can be further en-
hanced. The relative sensitivity of the constant-voltage
mode is depicted in Figure 6A as black stars for bias
voltage V = 4.75 V. Excellent relative sensitivities with
a maximum of S,e = 6.1% K~ at T=90 K are observed,
that correspond to an enhancement of 1 order of
magnitude compared to the threshold voltage read-
out. The enhanced relative sensitivity originates from
the exponential RTD current—voltage characteristics

METHODS

Growth and Fabrication. The sample was grown by molecular
beam epitaxy on (100)-oriented, silicon-doped GaAs substrates
with no offcut. We used a 3 in. EIKO MBE system with standard
solid sources, aside from N, which was provided as atomic
species by a RF plasma source. To reduce ion induced damage
of the growth surface, deflection plates with an applied bias
were used to redirect charged N atoms from their direct way to
the growth surface. The growth temperature of the nitrogen
containing layers was 370 °C, and all others 595 °C. As was
supplied as As; by a valved cracking cell. The As/group-Iil flux
ratio was ~25 with an As-beam equivalent pressure of 2.0 x
107 Torr. After the growth process, the bottom AuGe/Ni/Au
contact was evaporated and alloyed via a rapid thermal anneal-
ing process with 380 °C for 30 s. The samples were then
processed using a standard PMMA positive resist electron beam
lithography process with a BaF,/Cr etching mask and a low
power electron cyclotron resonance dry chemical etching
process with an argon to chlorine ratio of about 10. Sample
planarization was realized with benzocyclobutene. The ring
shaped Ti/Pt/Au top contacts were fabricated by a second
standard PMMA positive resist electron beam lithography
process.

Electro-Optical Readout. The electro-optical transport mea-
surements were conducted by mounting the sample in an
Oxford instruments microscopy cryostat, Microstat MO. The
electrical bias and read-out was conducted using a high preci-
sion voltage source (Hewlett-Packard 3251 Universal Source)
and a digital multimeter (Keithley 2000 Digital Multimeter). The
electroluminescence data was collected through a microscope

PFENNING ET AL.

and a drawback of this operation mode is the nonlinear
temperature dependence with a varying absolute
sensitivity. For the optical read-out, displayed in
Figure 6B, the intensity of the EL signal (black stars)
exhibits the highest relative sensitivity with values up
t0 Syel = 4.35% K™, which is about 2 orders of magni-
tude larger than the maximum relative sensitivity of
the position of the EL maximum, S, = 0.035% K™,
shown with black spheres.

CONCLUSIONS

In summary, we have presented a temperature
sensor concept based on the temperature dependent
threshold voltage shift of RTDs with a GalnNAs/GaAs
heterojunction in sequence. The temperature depen-
dent sheet charge density and donor concentration at
the interface modulate the internal electric field of the
resonant tunneling structure, which results in a pro-
nounced negative threshold voltage shift when the
temperature is changed from cryogenic to room tem-
perature. This carrier density controls the voltage drop
at the DBS, which, in turn, changes the transmission
probability of the RTD. The temperature—threshold
voltage shift relation is linear with a high response of
19.2 mV K™', which promotes these structures as
sensitive thermometers. Concomitant optical thermo-
metric parameters of the EL of this nanothermometer
were presented and characterized. These properties
guarantee accurate electrical and optical read-outs
of the sensing operation and a possible on-chip
realization.

objective (0.4NA) and directed into a Jobin-Yvon Triax mono-
cromator(focal length 500 mm) using a set of lenses and mirrors.
The monochromator has a spectral resolution of 0.05 meV
and an attached nitrogen-cooled Silicon-CCD (Jobin-Yvon, type
Spectrum 1) was used as detector.
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