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ABSTRACT

Gate-tunable semiconductor nanosystems are getting more and more important in the realization of quantum circuits. While such
devices are typically cooled to operation temperature with zero bias applied to the gate, biased cooling corresponds to a non-zero
gate voltage being applied before reaching the operation temperature. We systematically study the effect of biased cooling on differ-
ent undoped SiGe/Si/SiGe quantum well field-effect stacks designed to accumulate and density-tune two-dimensional electron gases
(2DEGsS). In an empirical model, we show that biased cooling of the undoped FES induces a static electric field, which is constant at
operation temperature and superimposes onto the field exerted by the top gate onto the 2DEG. We show that the voltage operation
window of the field-effect-tuned 2DEG can be chosen in a wide range of voltages via the choice of the biased cooling voltage. Impor-
tantly, quality features of the 2DEG such as the mobility or the temporal stability of the 2DEG density remain unaltered under biased
cooling.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0250968

I. INTRODUCTION

Field-effect devices are an important building block for the real-
ization of quantum circuits in semiconductor heterostructures,' °
in particular since they offer a gate-tunability of electric carriers
down to the nanoscale. It becomes more and more clear that a pre-
cise understanding of the electrostatics created by gate tuning in
semiconductor heterostructure field-effect stacks (FESs) is highly
relevant for the stable operation of quantum circuits.””* Typically,
FESs are cooled down with zero bias applied to the gates. Biased
cooling represents the cool-down under a non-zero applied gate
voltage. Biased cool-down has been studied for modulation-doped
GaAs/AlGaAs quantum well (QW) heterojunctions in the context of
the operation of two-dimensional electron gases (2DEGs)"”'* and of
quantum point contacts.'”*’ In these works, the observed impact on
the operation of the devices has been phenomenologically linked to
the presence of dopant-induced defects and to leakage of Schottky

gates. The statistical nature of dopant-induced defects and of the
presence of leakage has limited the application of biased cool-
ing as an additional degree of freedom for the device operation.
More recently, in particular for spin qubit quantum circuits, FES
based on undoped semiconductor heterostructures and including
oxide-based dielectrics instead of Schottky gates are used.*”"”* The
absence of dopant-induced defects and the dielectric/semiconductor
interface in the FES create an electrostatic environment in which
biased cooling has only recently started to be considered in a report
of biased cooling-dependent shifts of the turn-on voltage in a single
electron transistor device.””

In this paper, we systematically study the effect of biased cool-
ing on different undoped SiGe/Si/SiGe QW FESs. We show that
biased cooling with a voltage Upc induces a static electric field
within the FES. At the operation temperature of the device, here
1.5 K, this static electric field is independent of the top gate voltage
Urg and overlays the action of Ut on the 2DEG. As a result, the

AIP Advances 15, 035301 (2025); doi: 10.1063/5.0250968
© Author(s) 2025

15, 035301-1

252590 S20T YdseiN ¥0


https://pubs.aip.org/aip/adv
https://doi.org/10.1063/5.0250968
https://pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0250968
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0250968&domain=pdf&date_stamp=2025-March-3
https://doi.org/10.1063/5.0250968
https://orcid.org/0009-0004-9942-4934
https://orcid.org/0009-0001-6324-9167
https://orcid.org/0009-0004-1906-3084
https://orcid.org/0000-0003-4721-1000
https://orcid.org/0000-0001-6122-3919
https://orcid.org/0000-0003-0928-4356
https://orcid.org/0000-0003-3793-2787
mailto:dominique.bougeard@ur.de
https://doi.org/10.1063/5.0250968

AIP Advances ARTICLE

accumulation voltage of the 2DEG, as well as the whole field-effect
tuning range of the 2DEG density ne, can be deterministically shifted
to a chosen voltage range by the appropriate choice of Ugc. Notably,
shifting the 2DEG operation range does not impact 2DEG quality
markers such as the electron mobility and the temporal stability of
the 2DEG density. In an empirical model, we show that the charge
density that induces the static electric field is localized at the dielec-
tric/heterostructure interface of the FES. These observations remain
valid for FES with and without a Si cap at the interface to the
dielectric.

Il. FIELD-EFFECT STACKS AND EXPERIMENTAL SETUP

We investigated the biased cooling effect on three different
undoped Si/SiGe FESs capable of hosting a 2DEG. These FESs are
standard undoped Sij—x Ge,/Si/Sii—x Ge, quantum well heterostruc-
tures for field-effect applications.”"”*”” All of them share the same
functional layer structure shown in Fig. 1, but with some crucial
differences summarized in Table I. One of the key differences to
highlight is the absence of a Si cap on FES A. FES A was grown
and fabricated at the IHP—Leibniz-Institut fiir innovative Mikroelek-
tronik,”® whereas the FESs B and C were both grown and fabricated

TG [ tre
]: tDielectric
Si Cap T tcap
Sip_,Ge,
Spacer tSpacer
Si QW I tqw
Sip_,Ge,
virtual sub.
Si(100) sub.

FIG. 1. Cross section schematic of the undoped Si/SiGe FESs. Details on the
investigated FES A, B, and C are listed in Table .

TABLE I. Overview of the three undoped SiGe/Si/SiGe quantum well FES A, B, and
C. The abbreviations are introduced in Fig. 1.

FES A B C
Dielectric (method) SiOx (HDP) AlOx (ALD) AlOx (ALD)
TG TiN Ti/Au Ti/Au
tr (nm) 30 10/100 10/100
IDielectric (nm) 10 20 50

tcap (Nm) 0 1.5 1.5
tspacer (NM) 33 45 45

tqw (nm) 7 12 12

x 0.34 0.26 0.32
Heterostructure growth CvD MBE MBE

pubs.aip.org/aip/adv

at the Universitit Regensburg.® FES B and C possess a 1.5 nm thick Si
cap, naturally oxidized in air. The characterization of the FESs was
performed by Hall-bar geometry magneto-transport measurements
at a temperature of 1.5 K using standard lock-in techniques with a
Hall-bar current of 50 nA. The voltage applied at the top gate (TG)
is denoted Urg.

lll. RESULTS

A. Impact of biased cooling on the 2DEG
characteristics

We find the heterostructures in all three FESs to be conduct-
ing at room temperature for any Urg value, even at Urg = 0 V. On
the contrary, we observe the conductance of the heterostructure to
freeze out during the cool-down to 1.5 K, stating that the 2DEGs are
normally off at Urg = 0 V. To explore the influence of the biased
cooling on the transport properties of a 2DEG, we apply a non-zero
voltage at the TG while cooling down the field-effect stacks from
room temperature to 1.5 K. We refer to this voltage applied dur-
ing the cool-down as biased cooling voltage Upc. We cooled down
the FES various times with varying Upc and determined the elec-
tron density as a function of the applied TG voltage (Urg sweep)
at 1.5 K for each cool-down. These measurements were performed
for all three FES A, B, and C. Figure 2(a) representatively displays
the results for FES A, while the corresponding results for FES B and
FES C are provided in the supplementary material. The FESs cooled
down with the commonly used Ugc = 0 V, showing 2DEG accumu-
lation in the Si QW at a positive Urg. In the classical approximation
of a capacitor where the 2DEG and the TG are the plates, the elec-
tron density n. of the 2DEG within the QW depends linearly on the
voltage Urg applied at the TG. This approximation starts to break
down as soon as the potential difference is strong enough for elec-
trons to tunnel out of the QW, through the SiGe barrier, into the
interface between the heterostructure and the dielectric. In this satu-
ration regime, the n. does not further increase with Urg.” " As seen
in Fig. 2(a), we find this characteristic behavior of a linear increase of
1, followed by a saturation, to be independent of the applied Usgc.
In quantum Hall experiments for selected negative and positive Usc,
we have verified that the electron density contributing to the trans-
port after cooling down with a non-zero Ugc is exclusively located
in the QW 2DEG, excluding measurable, biased cooling-induced
parallel conductance. Comparing the electron density curves, we
observe a shift induced by Ugc. For positive biased cooling volt-
ages applied during the cool-down, the electron density curves shift
toward more positive/higher Urg, whereas for negative biased cool-
ing, they shift toward more negative/lower Utg. The shift increases
with the absolute value of the Ugc applied during cool-down.

In the remainder of this paper, we focus on the linear elec-
tron density tuning regime, which is the operation region for most
field-effect device applications, including quantum circuits. We have
verified that the 2DEG densities ne are reproducible within cool-
downs in all three FESs (no hysteresis of the electron density in a
Urg sweep). They are also reproducible among separate cool-downs
for a given Upc value. As a lower bound for the operation region,
we define the current in the Hall bar as reaching 48 nA. We have
verified that all three FES features accumulated 2DEGs at this cur-
rent value. We denote nej, the lower bound density and Uac. the
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FIG. 2. Impact of biased cooling on the electron density and the mobility of the
2DEG, representatively shown for FES A at 1.5 K. The definitions of the different
voltages and of nep, are found in the text. (a) 2DEG density ne as a function of
Urc for different biased cooling voltages Ugc. (b) 2DEG mobility 4+ dependence
on ne within the linear capacitive coupling regime (ne < ne, ) for different biased
cooling voltages Ugc.

corresponding top gate voltage. Analyzing the lower bound elec-
tron density at U for the different Upc, we see an average value
of e, = 1.1x10" 1/cm? for FES A in Fig. 2(a). We define the upper
bound electron density .y, of the linear operation regime as the end
of this range by extracting the first 7. value that deviates by 2% from
a linear fit of the data. For FES A we evaluate the average value of the
upper bound electron density to be #1ey, = 7.5%10" 1/cm?. Across
all FES, we observe no systematic dependence of the lower bound
electron density ne, as well as of the upper bound electron density
fleub 0N Upc. In addition, the slope of the 2DEG density’s Urg-
dependence—which represents the capacitive coupling between the
TG and the 2DEG—is unaffected by biased cooling with Upc # 0 V
for all three FESs [see Fig. 2(a) representatively for FES A]. In
Fig. 2(b), we report the 2DEG mobility y as a function of . for all
tested Ugc, representatively for FES A. No impact of Ugc on the p is
observed. Note that remote scatterers should particularly manifest in
the region of steep mobility increase below circa ne < 4x10'" 1/cm?
in FES A, while scatterers in the QW will dominate beyond.‘m"”

pubs.aip.org/aip/adv

To summarize the key features observed for the three FESs and
representatively shown for stack A in Fig. 2: The main consequence
of the biased cooling effect is a shift of the field-effect tuned 2DEG
density compared to Upc = 0 V, the shift increasing with the abso-
lute value of Upc. At the same time, the Urg-tunable n. range, the
capacitive coupling between the TG and the 2DEG, and the y at
each given n are unaffected by Ugc. Finally, the heterostructures
are conductive at room temperature, while this conductivity van-
ished during the cool-down. At this point it should be highlighted
that these observations are identical in all three FESs, although they
differ with respect to the presence of a Si cap, the dielectric material
and its thickness, as well as in the epitaxy method of the heterostruc-
tures (CVD vs MBE), their Ge content, and the thicknesses of the
SiGe barrier (see Fig. 1 and Table I).

A plausible source for the observed experimental phenomenol-
ogy is an additional static Upc-dependent electric field, which super-
imposes onto the field resulting from Urg at the QW at 1.5 K. The
charge causing this static field needs to be adjustable by the applied
Ugc at room temperature to explain the Ugc-dependent shift of
the accumulation voltage Uacc. At the same time, to guarantee the
observed parallel shift—i.e., constant capacitive coupling—of the
Ut sweeps in Fig. 2(a), this charge must be independent of Urg
at 1.5 K.

Since we verified via quantum Hall traces that no measurable
parallel conductance channel occurs at 1.5 K after cooling down
with Upc # 0V, i.e, that transport occurs solely within the 2DEG,
this additional charge must be immobile under device operation at
1.5 K. In case this hypothetical charge would build-up in the vicin-
ity of the QW after cooling down with Ugc # 0 V, we would expect
a variation in the potential fluctuations affecting the 2DEG in cor-
relation to Ugc.’! As we experimentally find the 2DEG mobility at
higher 2DEG densities [Fig. 2(b)] and also the lower bound 2DEG
density ny, [Fig. 2(a)] to be unaffected by Ugc in all three FESs,
we conclude that the charge build-up occurs further away from the
QW and is homogeneously distributed. Given that the SiGe bar-
rier is undoped, the most plausible locations are the thin Si cap
and the heterostructure interface with the polycrystalline dielectric
oxide. As FES A, in contrast to B and C, does not contain a Si cap
but shows the same behavior under the influence of biased cool-
ing, we exclude the necessity of a Si cap for this effect. Hence, from
the previously acquired requirements, we conclude that the charges
induced at room temperature by the Ugc are localized at the inter-
face between the heterostructure and the polycrystalline dielectric.
This interface meets all the criteria. It has been previously shown
to host a large enough density of trap states to allow for charge
build-ups up to a screening of the capacitive coupling between the
TG and the 2DEG.” " Its location in between the TG and the QW
allows the electric field of the trapped interface charges to stati-
cally superimpose the electric field of the TG effectively, without
being too close to the QW to influence the 2DEG mobility and the
lower bound 2DEG density. We have verified in 1D Schrodinger-
Poisson simulations that the introduction of a fixed charge density
at the dielectric/heterostructure interface allows us to mimic the
experimental behavior reported in Fig. 2(a). The required charge
density is of the order of 10" 1/cm?, in accordance with reports on
charge traps”” "’ and capacitance-voltage estimations for the oxide
used in FES A. Since all three heterostructures are conductive at
room temperature, positive as well as negative Upc may induce
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the hypothetical charges exerting the static electric field by load-
ing or unloading trap states at the interface. On the contrary, the
freeze out of the conductance of the heterostructure during the cool-
down to 1.5 K suppresses this loading mechanism of interface trap
states.

B. Empirical model for biased cooling of undoped
QW heterostructures

Based on this hypothesis, we develop a model for the biased
cooling effect in the following. Our model relies on the fact that
the top gate and the interface between the heterostructure and the
dielectric act like a classical capacitor at room temperature. Essen-
tial ingredients of the model are sketched in Fig. 3. The mechanism
for loading and unloading the interface at room temperature—and
hence before the freeze out of the heterostructure—is sketched in
Fig. 3(a). Panel 3(a-i) shows the conductance band edge energy of the
heterostructure stack (dark red line) for Usc = 0 V, with the ground
state energy of the Si QW depicted in black. For simplicity, we illus-
trate this reference case with a flat band edge. These interface states
(sketched as red circles) are populated up to the Fermi energy (blue
dashed line) with electrons (magenta dots). A non-zero applied Ugc
at the TG results in a tilt of the band edge in the sketches. In the case

(a) Before freeze-out

ARTICLE pubs.aip.org/aip/adv

of a Upc < 0V, this lifts a certain amount Q of occupied interface
states above the Fermi energy (non-equilibrium situation) shown in
panel 3 (a-ii). Due to the room temperature conductivity of the FES,
these electrons will, however, quickly unload from the interface. This
results in a less negative/more positive charge configuration at the
interface. As a consequence, two properties of the classical capacitor
formed by the top gate and the dielectric/heterostructure interface
manifest, as sketched in panel 3 (a-iii): First, the band bending
between the top gate and the interface steepens in the dielectric com-
pared to panel 3 (a-ii) proportionally to the charge reconfiguration.
Second, outside of the capacitor—i.e., below the interface (in the
heterostructure)—there is no electric field. Hence, the conduction
band is flat again, as in panel 3 (a-i). In exact analogy, for Ugc >0V,
the applied electric field leads to pushing unoccupied interface states
containing Q charges below the Fermi energy [see panel 3 (a-iv)]
in non-equilibrium. The charge reconfiguration resulting from the
room temperature conductivity of the FES hence adds the amount
Q of electrons to the interface [see Fig. 3(a-v)]. Therefore, we end
up in a more negative charge configuration at the interface com-
pared to panel 3 (a-i). The model in Fig. 3(a) highlights two features,
which are key to explain the experimental observations: The applied
Usc changes the charge state at the interface. In addition, the ener-
getic position of the TG relative to the QW ground state energy

(b) After freeze-out

(M)

() [Usc =0V; Urg =0V |

Energy E

FIG. 3. Empirical model of the biased cooling effect. The panels (i-v) in (a) and (b) are discussed in detail in the text. The dark red line depicts the conduction band edge for
different regions of the gate stack indicated at the bottom of the figure. The black line within the Si represents the confined ground state energy of the QW. We chose to fix
the lower end of the QW conduction band energy at 0 V. The blue dashed line illustrates the Fermi energy. The empty red circles between the dielectric and the SiGe depict
empty trap states at the dielectric/heterostructure interface. Electrons are shown as magenta colored dots and can fill these states at the interface. (a) Impact of Ugc applied
before freeze out of the heterostructure. At these temperatures, the heterostructure is conductive. Each panel (i}~(v) illustrates a distinct equilibrium or non-equilibrium for
specific Ugg situations. The charge Q results from electrons, which are loaded to or unloaded from the interface due to the applied Ugc. (b) Impact of Ug after freeze out
of the conductivity of the heterostructure. At the typical device operation temperature of 1.5 K, the electrons at the interface then cannot be loaded or unloaded anymore.
Each panel (i)—(v) illustrates a specific scenario of the combination of Ugc and Urg. Electrons within the Si QW illustrate the accumulation of the 2DEG.
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changes as a function of the applied Ugc, while flat band condi-
tions are retained between the interface and the QW. Note that
both features result from the fact that the top gate and the dielec-
tric/heterostructure interface behave like the plates of a classical
capacitor before freeze out.

Moving now to temperatures cold enough to freeze out the con-
ductance of the heterostructure, a major consequence for our model
is the suppression of loading or unloading of the trap states at the
interface via the heterostructure. Hence, the charges Q trapped at
the interface states before cool-down are not modified by variations
of Urg applied after freeze out. Figure 3(b-i), as a reference, shows
the scenario of a FES that was cooled down with Ugc = 0 V, keep-
ing Urg = 0 V after freeze out. The charge density at the interface
is non-zero, and the QW ground state is above the Fermi energy.
Hence, no electrons are accumulated in the QW. In order to accu-
mulate electrons within the QW, it is necessary to apply a positive
Urg strong enough to drag the QW ground state below the Fermi
energy, as illustrated in panel 3 (b-ii). Importantly, since the inter-
face states cannot be loaded after freeze out, the empty interface
states pushed below the Fermi level will stay unoccupied, leaving the
electric field induced by the electrons trapped at the interface unaf-
fected by Urg variations. The electron accumulation in the QW is
sketched as magenta dots. The density of accumulated electrons in
the 2DEG located in the QW is proportional to Urg, experimen-
tally resulting in the typical FES electron density curve shown for
Usc =0 Vin Fig. 2(a). Next, Fig. 3(b-iii) illustrates the case of a neg-
ative Upc. Compared to Upc = 0 V, the diminished electron density
at the interface leads to a less negative electric field superimposing
the field created by Urg. This is visible as an additional downward
tilt of the conduction band. The tilt drags the QW ground state closer
to the Fermi energy. Now, a less positive Urg (e.g., Utg = 0 V) is
required to accumulate electrons within the QW, in line with the
electron density curves being shifted toward more negative Urg in
the experiment, as observed in Fig. 2(a). For even stronger negative
Usc applied during cool-down, Fig. 3(b-iv) illustrates the ability to
already accumulate electrons in the QW at negative Urg, captur-
ing the experimental observation that the electron density curves are
shifted even further toward negative Urg. Figure 3(b-v) shows the
opposite scenario of a positive Ugc applied during the cool-down.
The increased electron density at the interface causes a stronger
shielding of the Urg compared to Upc = 0 V, resulting in the exper-
imentally observed shift of the electron density curves toward more
positive Urg [see Fig. 2(a)].

Summarizing our experimental observations and the empir-
ical model, applying Ugpc at room temperature traps an amount
of charges Q= Cpc - Upc at the dielectric/heterostructure inter-
face [see Figs. 3(a-ii)-3(a-v)], where Cgc is the capacitive coupling
between the TG and the conductive heterostructure during biased
cool-down, before freeze out. After freeze out, the charge trapping
mechanism is suppressed, turning Q into being insensitive to vari-
ations of Urg (applied to the FES at 1.5 K). The constant, static
electric field created by the trapped charges Q(Usgc) then super-
imposes the field imposed with a Urg sweep [see Fig. 3(b)]. This
is equivalent to stating that the accumulation voltage Uacc of the
2DEG will be shifted exactly by Ugc with respect to Ugc = 0 V.
As a consequence, our model predicts a linear relationship between
AUpcc = Uace = Uace,upe=0 v and Usgc, with a slope s = 1. In Fig. 4, we
test this prediction by displaying AU ac. for all three FESs. The linear
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FIG. 4. Shift of the 2DEG accumulation point AUa. as a function of Ugc for all
three FESs. The dashed lines are guides to the eyes.

relationship is indeed verified in a significant range of Ugc. In addi-
tion, the slopes s are only slightly smaller than 1, with s = 0.9 V/V for
FES A and C and s = 0.8 V/V for FES B. This slight deviation seems
to indicate that Cgc is a bit smaller than the capacitive coupling at
1.5 K. As a second feature of Fig. 4, we observe a deviation from the
linear relationship beyond a certain negative value of Ugc. This sug-
gests that the amount of interface states per energy interval decreases
for larger negative Upc and, therefore, lower energies in Fig. 3(b).
Hence, fewer charges are unloaded from trap states at the interface at
room temperature for these Ugc. Note that FES A does not include a
Si cap, while FES B and C do, and that they were fabricated at differ-
ent facilities with different fabrication methods and dielectrics. Both
the deviation from linearity of AUac. and the slight variation of the
capacitive coupling between 1.5 K and warmer temperatures (slope
s < 1) thus seem to sensitively depend on non-systematic and subtle
details of the FES fabrication.

IV. CONCLUSION

In conclusion, we have demonstrated that the biased cooling
of undoped QW heterostructures creates a static electric field that
superimposes on any gate action at the device operation tempera-
ture of 1.5 K. While the magnitude of the static electric field scales
with the biased cooling voltage Upc applied at room temperature, it
is not modified by the top gate voltage Urg action at operation tem-
perature. As a result, the accumulation voltage Uac. of the 2DEG is
reproducibly tunable with Ugc, allowing Uac. to be set to be positive
as well as negative. The shift of Uac. depends linearly on Ugc in a
wide range. In addition, the capacitive coupling of the FES at device
operation temperature is not modified by biased cooling. As a conse-
quence, the whole linear Urg-characteristic of the 2DEG density 7.
can be shifted deterministically. Importantly, the main measurables
of the Urg-tuned 2DEG remain unchanged compared to Upc =0 V.
We did not detect any correlation of Ugc either with the lower and
upper bound field-effect tunable density or with the 2DEG mobil-
ity within the whole range from ngj, to ney, or with the temporal
stability of any chosen n.(Urtg) within this density range.
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As we discuss in an empirical model, all our experimental
observations are consistent with a charge Q = Cpc - Upc being cre-
ated at the dielectric/heterostructure interface at room temperature
via the loading or unloading of charge traps. Importantly, the
loading and unloading mechanisms are suppressed at the device
operation temperature. This sets a contrast to previous experiments
in modulation-doped GaAs/AlGaAs QW heterojunctions, where
biased cooling has been phenomenologically linked to the presence
of dopant-induced defects and to leakage of Schottky gates.” *’ In
addition, the charge is homogeneously distributed, such that it does
neither impact ney,, nor the 2DEG mobility or n . Notably, the
mechanism is qualitatively identical, although the three investigated
FESs differ (see Table I). In particular, the absence or the presence
of a Si cap at the dielectric/heterostructure interface does not impact
the mechanism.

Our model should apply to any undoped semiconductor het-
erostructure and confirm recent signatures observed in the Coulomb
blockade regime.” The ability to shift the operation range of the
FES deterministically and reproducibly without affecting the quality
features of the 2DEG represents an interesting additional degree of
freedom for optimization of gate operation windows. It, for example,
allows us to shift “normally on” devices to a “normally off” operation
regime.'" It has also been shown to allow avoiding initializations
of 2DEG in metastable capacitive coupling'* or leakage regimes in
Coulomb blockade devices with integrated charge sensors.”” Apply-
ing the biased cooling effect does not require to cycle the device at
room temperature. It is sufficient to apply Ugc above the freeze out
temperature of the heterostructure to induce the loading of Q at the
interface.

SUPPLEMENTARY MATERIAL

The supplementary material contains additional data on the
density tunability of FES B and FES C.
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