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ABSTRACT: In this work, we combine self-assembly and topdown methods to create hybrid junctions consisting of single
organic molecular monolayers sandwiched between metal and/
or single-crystalline semiconductor nanomembrane based electrodes. The fabrication process is fully integrative and produces
a yield loss of less than 5% on-chip. The nanomembrane-based
electrodes guarantee a soft yet robust contact to the molecules
where the presence of pinholes and other defects becomes
almost irrelevant. We also pioneer the fabrication and characterization of semiconductor/molecule/semiconductor tunneling heterojunctions which exhibit a double transition from direct tunneling to ﬁeld emission and back to direct tunneling, a
phenomenon which has not been reported previously.
KEYWORDS: Electronic materials and devices, molecular self-assembly, nanoscale materials, organicinorganic nanostructures,
nanomembranes, strain engineering

T

he creation of organic/inorganic hybrid heterojunctions
opens the possibility for new functional elements previously
not feasible by either component individually. Simple metal/
molecule junctions have already proven highly useful for a variety
of applications.1 By adding the robustness and high carrier mobility
of an inorganic semiconductor in combination with the tailorability and processability of organic materials, novel electronic elements such as hybrid resonant-tunneling diodes and ﬁeld-eﬀect
transistors2 can be realized. It is not always possible to combine
materials of diﬀerent nature in a favorable way, however. Most
common deposition methods for metallic electrodes often have
devastating eﬀects on ultrathin molecular layers,3 for instance.
Similarly, the creation of heterojunctions consisting of well-deﬁned periods of epitaxial semiconductors (such as GaAs, Si, or
SiGe), which typically require high growth temperatures (200
1000 °C), and single organic monolayers cannot be fabricated by
standard layer-by-layer deposition techniques.4,5
Incorporating semiconductor contacts and molecular monolayers provides an exciting alternative to further expand the
horizons of molecular electronics. First, such electrodes create an
additional degree of freedom for manipulating the charge ﬂow in
the organic layers.6,7 Furthermore, a high level of control can be
achieved by tuning the position of the Fermi level within the
semiconductor band gap via the precise adjustment of dopant
material and density.8 Second, the reproducibility and stability of
molecular junctions are strongly correlated with the ﬂatness of
r 2011 American Chemical Society

the electrode.9 The use of single-crystalline semiconductors,
which have surfaces intrinsically smoother than metallic layers
(such as Au and Ag), is of a great advantage in this respect. While
several other methods have previously been demonfor creating
single self-assembled molecular layers (SML), which are then
sandwiched between metal and semiconductor contacts,7,1012
the fabrication and electrical characterization of semiconductor/
SML/semiconductor heterojunctions using epitaxially grown
materials is still lacking.
Self-assembly methods have been widely employed not only
for depositing organic monolayers13 but also for the formation
of micro- and nano-objects.1416 A typical example of such an
approach is the creation of three-dimensional electronic elements based on self-wound nanomembranes which can be manufactured in parallel on-chip.1719
Here, we present a method for preparing hybrid organic/
inorganic heterojunctions using strained metal and/or semiconductor nanomembranes as electrodes. In this way, heterojunctions consisting of metal/SML/metal, semiconductor/SML/
semiconductor and combinations thereof are created. In the latter
cases, the semiconductor doping type and concentration can be
independently adjusted for each electrode in order to tune the
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Figure 1. (a) Diﬀerential resistance at zero bias condition (R = dV/dl|V=0) as a function of the number of CH2 groups (obtained from the iv
characteristics displayed in the bottom inset) for Au-alkanethiol SAM/Au heterojunctions. Chemisorption and physisorption are indicated by “” and “/”,
respectively. By using eq 1, β was found to be 1.01 ( 0.05/CH2 and R0 ∼ 8.9 Ω. The upper insets shows (left) the device structure before rolling and
(right) after rolling. The strained layer consists of a trimetallic nanomembrane patterned on top of a sacriﬁcial layer (details in the Supporting
Information). Once the sacriﬁcial layer is selectively removed, the strained layer curls toward the Au ﬁnger structure (with a roughness of ∼0.36 nm rms).
After the rolling process the tube-shaped electrode rests on top of the Au ﬁnger establishing an electrical connection through the alkanethiol SAM, with
chain lengths ranging from 7 to 15 CH2 groups, which were previously grown on the ﬁnger surface. (b) Scanning electron microscope (SEM) image of an
array of devices highlighting the excellent reproducibility and parallelism of the fabrication process with a yield of at least 95%. (c) SEM image of a single
element. The inset highlights the overlap of the tube and metallic ﬁnger electrode.

device’s electronic properties. By incorporating the self-rolling
phenomenon,1416 we have developed an approach which is fully
integrative on-chip, using well-established semiconductor processing technologies. In this way, several components can be
fabricated in parallel with high yield (>95%) while the active
contact area remains well below 1 μm2. The strained nanomembrane-based electrodes provide a soft yet robust contact on top of
the SML, where damages to the molecules are minimized and
short circuits via pinholes are absent. Furthermore, we present
the fabrication and characterization of hybrid heterojunctions
having n- and p-doped crystalline semiconducting nanomembranes as electrodes, contacting self-assembled monolayers
(SAM). These heterojunctions exhibit electronic properties
including the sequential double transition from direct tunneling
to ﬁeld emission and back to direct tunneling which has not
observed for either element separately.
The “simplest” hybrid molecular structure proposed to date is
the metal/SML/metal junction. The main challenge for fabricating such structures lies in the ability of placing the metal electrode
in intimate contact with the molecular layer without damaging its
intrinsic properties or aﬀecting the overall junction stability and
reproducibility.20 The situation becomes more complex when
single molecular layers, prepared by self-assembly for instance,
are required. Here, the inevitable presence of pinholes and
defects21 over a long-range has been addressed by diﬀerent
contacting approaches,3 to enable the use of such monolayers
for device applications.22,23,25
The upper inset in Figure 1a shows a sketch of a device
concept to prepare metal/SML/metal heterojunctions based on
rolled-up metallic nanomembranes. A detailed description of the

device fabrication is included in the Supporting Information.
The rolling is caused by the self-release of a strained metallic
nanomembrane by selectively etching away the underlying sacriﬁcial layer. After the rolling process, a tube-shaped electrode rests
on top of the metallic ﬁnger, establishing an electrical connection
through the alkanethiol SAM (Figure 1c).
For these experiments gold (Au) layers are incorporated into
the strained metallic nanomembrane producing Aualkanethiol
SAM/Au junctions after rolling, as indicated in the ﬁgure. Due
to the nature of this fabrication approach, the devices can be
patterned in parallel on-chip and can even be integrated with preexisting structures on a wafer. Figure 1b shows an SEM image of
an array of devices highlighting the excellent reproducibility of
the fabrication process. The image was taken from a sample with
a yield loss of less than 5%.
To characterize the electronic properties of the Au
alkanethiol SAM/Au junctions, a positive bias is applied to a
ﬁnger electrode to which the molecules are chemically bonded
(inset of Figure 1a). For statistical purposes, currentvoltage
(iv) traces were obtained for at least 10 devices of each alkanethiol chain length (inset graph of Figure 1a). Similar to
previously reported work using other contacting methods,2427
the iv characteristics indicate that the current is strongly dependent on the SAM chain length. Since the experiments are performed under low bias, no signiﬁcant asymmetry that might
otherwise have been caused by the diﬀerent contact conﬁgurations (i.e., tube/CH3 physisorbed and ﬁnger-S chemisorbed) was
observed.28 In Figure 1, the systematic change of the chain length
furthermore reveals direct tunneling (DT) as the dominant transport mechanism.24,25 As expected for coherent and nonresonant
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tunneling, the diﬀerential resistance (R = dV/dl|V=0) exhibits an
exponential dependence on the chain length as given by25,29
R ¼ R0 expðβnÞ

ð1Þ

where R0 is the total contact resistance (see Supporting Information), n is the tunneling barrier thickness (here, the number
of CH2 groups in the alkyl chain), and β is the exponential decay
factor which has been reported25,30 as ranging from 1.0 to 1.8 per
CH2 group. By using eq 1, β was found to be 1.01 ( 0.05/CH2,
which is in accordance with the accepted values for σ-saturated
molecules.25,31,32. Through comparison with other charge transport measurements in identical molecular systems,24,33 we have
estimated a junction contact of roughly 0.27 μm2 in our system.
If we assume a full molecular coverage of the ﬁnger surface
(5 molecules/nm2),33 the transport across the rolled-up junction
is probing roughly 106 molecules. Naturally, the existence of
pinholes and other defects can also be present at the junction
interface.21 However, the tube electrode softly resting on top of
the SAM selectively contacts the highest chains and ignores the
presence of pinholes and defective (possibly tilted) chains which
are shorter than the ones standing more upright. Although rolledup nanomembranes can be used to prepare soft, reproducible, and
wrinkle-free contacts for molecular layers, the geometric contact
area of such junctions cannot be directly quantiﬁed by optical
methods presently, and thus we rather rely on the uniformity
given by the electrical measurements.
In addition to contacting molecules with metallic electrodes,
we also demonstrate an approach where semiconductor layers
are used to inject charge into and through the molecular layers.
Figure 2a is a sketch of the layer structure before the release of the
semiconducting nanomembrane, while Figure 2b highlights the
exact layer composition (details in Supporting Information).
The unrolled device creates a pin structure having a p-type
GaAs layer (p:GaAs) as the top electrode. Alternatively, an Au
thin ﬁlm can replace the p:GaAs to form a planar metalinsulatorsemiconductor (MIS) diode. Before the semiconductor layer is
rolled up, a SAM of hexadecylphosphonic acid (C16PA) is
chemically adsorbed6,8 onto the p:GaAs layer (labeled here as
p:GaAs-C16PA). In contrast, a hexadecanethiol monolayer (C16S)
is self-assembled when using an Au covering layer. By selectively
removing the AlAs sacriﬁcial layer in a 3.1 vol % HF:DI-H2O
solution, the strained semiconductor nanomembrane curls in
such a way that the bottom n-doped In20Ga80As (n:InGaAs) layer
mechanically contacts the top of the heterostructure establishing
an electrical connection (Figure 2c). In addition to the p:GaAsC16PA/n:InGaAs, a p:GaAs/n:InGaAs pn heterojunction can
be formed by rolling if one merely omits the SAM deposition
step. Alternatively, when the Au ﬁlm is used, a mechanically
assembled metal/semiconductor heterojunction (Au/n:InGaAs)
can be realized. Importantly, the incorporation of a SAM leads to
new types of pin and MIS structures, where the insulating
barrier is now the organic SAM.
In the rolled-up architecture (Figure 2c), a voltage bias applied
between the top and back contacts creates a current that can ﬂow
into the top p:GaAs electrode. Subsequently it is radially injected
across the C16PA layer and then into the n:InGaAs nanomembrane. The current ﬂows tangentially around the n:InGaAs tube
wall and is then collected via the back contact. A similar concept
is still valid if the p:GaAs layer is replaced by the Au ﬁlm.
In the unrolled device, the measured current (lM) originates
solely from the leakage through the AlGaAs barrier (lb). In the

Figure 2. (a) Schematic of a multilayer semiconductor device before
rolling (details in Supporting Information). The detailed layer
structure for the unrolled devices, including the SAM, is revealed in
(b). The rolled-up device (c) is formed after the selective removal of
the sacriﬁcial layer. The current pathways are highlighted in the ﬁgure (a, c). The iv characteristics for the heterojunctions having
p-doped GaAs as a top layer, before and after rolling, with and without the SAM incorporation are shown in (d). Similarly the traces
for heterojunctions incorporating Au as a top layer are shown in (e).
The molecular structure of the hexadecylphosphonic acid (C16PA)
and hexadecylthiol (C16S) are also shown in the inset of (d) and (e),
respectively.

rolled-up device however, lM becomes a combination of the
tangential current around the n:InGaAs nanomembrane (lroll)
and lb (Figure 2c). The comparison between rolled and unrolled
devices is shown in Figure 2d. At reverse bias lM is below 1 pA
(lM = lb) in the unrolled device. At the same bias conditions, an
increase of at least 8 orders of magnitude is observed after the
formation of the p:GaAs/n:InGaAs heterojunction (lM = lb +
lroll). This observation is clear evidence of the radial injection
and tangential transport across the rolled-up semiconductor
nanomembrane. At high forward bias, Ib increases exponentially
and dominates for V > 1V (lb > lroll). Here all iv curves merge
into a single trace and the maximum allowed forward bias in the
3729
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Figure 3. Conductance (G) of semiconductor nanomembrane-based devices. In (a) the diﬀerence between devices with (blue) and without (red) a
SAM is shown. A ﬁt to the Simmons model (eq 2) at low bias voltage is shown in (b) for the p:GaAs-C16PA/n:InGaAs heterojunction. The temperature
dependence of G is shown in (c). Between 300 and 100 K hopping across the interfaces contributes to the transport. Below 100 K, tunneling becomes the
main transport mechanism. The plot in (d) indicates the transition from direct tunneling (DT) to ﬁeld emission (FN) at V = VT.

rolled-up junction can be deﬁned as the point at which lb = 0.1lroll.
As shown in Figure 2e, the behavior of the MIS structure after
rolling is qualitatively similar to the pin device.
The incorporation of the C16PA SAM leads to a drop in the
conductance (G = l/V) which is furthermore bias dependent
(Figure 3a): G decreases by 4 orders of magnitude at reverse
bias while at forward bias a drop of almost 2 orders is observed.
While the overall reduction of G is considered to be an indication
that the molecular layer acts as an ultrathin (∼2 nm)34 organic
insulator on the nanometer scale,35,36 the bias dependence can be
correlated with the asymmetric nature of the junctions.3638
Furthermore, when C16PA is incorporated in the pn junction,
the minimum value of G shifts from a voltage V0 to zero as indicated in Figure 3a. In Figure 3b, the curve agrees very well with the
Simmons equation for the conductance39 at low voltages
G = G0 ð1 þ CV 2 Þ

ð2Þ

where G0 is the equilibrium conductance and C is the cubic
coeﬃcient related to the barrier shape.40 Similar to junctions
incorporating alkanes (Figure 1), DT across a rectangular-like
potential barrier is assumed as the main transport mechanism in the
range of V ( 160 mV.
Despite the fact that a perfect bonding can be formed at several
points of the junction after the mechanical contact,41,42 defects,
as well as a thin oxide layer,43 may be inﬂuencing the overall
rolled-up junction characteristics by creating interface states.
Therefore, in addition to DT, the temperature dependence of G
(Figure 3c) suggests that between 300 and 100 K a small fraction
of the transport takes place via hopping through such interface
states.24 Below 100 K, G clearly becomes temperature-independent indicating that the hopping process is suppressed.

Typically, for metal/insulator/metal junctions, once V > Φ (where
Φ is the barrier height), a change in the barrier shape from rectangular
to triangular leads to a transition of the transport mechanism from DT
to ﬁeld emission, also known as FowlerNordheim tunneling (FN).44
In this new regime, the current is described by45
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ!
4W
2me Φ3
I µ V 2 exp 
ð3Þ
3pqV
where W is the barrier width and q the electronic charge. The
transition from DT to FN has been previously observed in junctions
consisting of short46 aliphatic molecules and π-conjugated
molecules.38 However, to the best of our knowledge, such
transition has never been reported for junctions containing
longer alkanes (here, C16PA is the tunneling barrier). The main
reason is that both the height and width of such molecular barrier
are considered relatively large (∼1.45 eV and ∼2 nm, respectively), such that the tunneling probability across the molecular orbital decreases signiﬁcantly.8,24,34 Nevertheless, as is shown
in Figure 3d by plotting the normalized value of ln(l/V2) as a
function of 1/V at room temperature, the p:GaAs-C16PA/
n:InGaAs rolled-up heterojunctions display a clear transition around 160 mV. Since this transition occurs at fairly low
potentials (VT ∼160 mV) compared to the reported24 values for
Φ for alkyl chains, we conclude that this eﬀect cannot be directly
correlated with a shape transition of the C16PA potential barrier
(as observed for the π-conjugated molecules38) but rather comes
from a combination of the semiconducting and molecular layers.
This is seen more clearly in Figure 3d, where, apart from the p:
GaAs-C16PA/n:InGaAs heterojunctions, none of the other
junctions exhibit the DT-FN type of transition.
3730
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Figure 5. All transitions observed for the p:GaAs-C16PA/n:InGaAs
heterojunction at 4 K. The ﬁtting lines represent the agreement with the
Simmons model (eq 2) and deﬁne the region where DT take place. In
the intermediate region, both FN and surface-state-enhanced tunneling
(QA) takes place. For V > 1.5 V, DT is once again recovered.

Figure 4. (ad) Band diagram schematics (not to scale) for the p:
GaAs-C16PA/n:InGaAs heterojunction under diﬀerent bias conditions. (a) In equilibrium the Fermi level in the p side of the junction,
which is below the top of the valence band (VB), is aligned to the Fermi
level at the n side, which sits above the bottom of the conduction band
(CB). (b) A zoom of the central region of the band structure shows a
rectangular-like barrier that is present at low bias condition (V < VT).
As the voltage bias increases, the hybrid barrier shape changes from
rectangular (b) to triangular (c) at V = VT. At this point a transition
from DT to FN is observed (e). For V > VT, FN dominates (d) until
both WP and Wn become ﬁeld independent. In (e) the clear transition
from DT to FN to DT is shown, indicated by the linear ﬁt for FN
tunneling in the intermediate region (the inset highlights the measured
iv trace).

In Figure 4a a simple band structure model (not to scale) is
proposed for such a junction at zero bias condition. The hybrid
barrier is assumed to be a combination of the C16PA molecular
barrier (d) with the potential barriers at the chemisorbed p:
GaAs-C16PA (Wp) and physisorbed C16PA/n:InGaAs (Wn)
interfaces of the junction. Due to the high density of charges in
the semiconducting layers, the Fermi level on the p-doped
interface is below the top of the valence band (VB) while at
the n-doped interface it sits above the bottom of the conduction
band (CB).45 By comparing the value of Φ reported for alkyl
chains bonded to p:GaAs (1.1 ( 0.3 eV)8 with the maximum
applied voltage used to characterize the junctions, we assume that
most changes in the total width/shape of the hybrid tunneling
barrier (L = Wp + Wn + d) can be attributed to Wp and Wn, which
are sandwiching the molecular layer. Due to the asymmetric
nature of both semiconducting electrodes, the changes of Wp and
Wn as the voltage bias increases are expected to be diﬀerent.

As illustrated in Figure 4b, for low forward bias, DT occurs
across the rectangular-like potential barrier (with L = LDT) since
the band bending is not very pronounced and an overlap between
the ﬁlled levels in the CB and the empty levels in the VB is
expected. Once the potential increases (Figure 4c), this overlap
decreases and, associated with an asymmetric change of Wp and
Wn, the tunneling probability becomes strongly voltage-dependent. At the transition voltage VT, the hybrid barrier assumes a
triangular-like shape (with L = LFN) and the transition from DT
to FN occurs. For V > VT, the transport is mainly ﬁeld dependent
with a systematic decrease of the tunneling distance as the voltage
increases (Figure 4d). For V . VT, we expect that both Wp and
Wn reach their minimum width and become bias independent.45
Consequently, DT once more becomes the dominant transport
mechanism with tunneling occurring from the CB to VB across
the rectangular-like potential barrier. This second transition (FN
to DT), however, was not clearly observed at room temperature
using the possible voltage range.
To increase the voltage operation range at forward bias, the
sample was cooled to 4 K to reduce the thermoactivated transport
across the insulating AlGaAs barrier.45,47 By lowering the temperature, we were able to extend the maximum forward bias to
nearly 2 V (see the iv curve in the inset of Figure 4e) and,
additionally, to reduce the contributions of the surface states to
the transport (Figure 3c).45,47
Similar to the observations at room temperature, the plot of
ln(l/V2) vs l/V measured at 4 K indicates a clear transition from
DT to FN near VT ∼ 160 mV as shown in Figure 4e. This result
indicates that VT does not change with temperature, supporting
the assumption that even with hopping transport taking place at
room temperature, tunneling is still the dominant transport
mechanism. By further increasing the positive bias, a deviation
from the FN mode is observed at VT2 ∼ 430 mV, while a full
recovery of the DT is observed at V > 1.5 V. After the second
transition the charge carrier transport occurs with a small inﬂuence
of Wp and Wn. In the voltage range between 430 mV and 1.5 V, the
transport most probably is assisted by the interface states (QA)
sitting near the semiconductor energy gap midpoint.47 A more
rigorous investigation of this eﬀect is still needed for clariﬁcation.
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The plot in Figure 5 summarizes all the transitions observed for
the p:GaAs-C16PA/n:InGaAs heterojunction. The inset indicates that the agreement with the Simmons model is recaptured
at high voltages, highlighted by the linearity above ∼1.5 V. The
agreement with the theoretical calculations (red lines) is clearly
seen here also.
In conclusion, we have demonstrated a reliable approach to
contact molecular layers with a contact area much smaller than
1 μm2 using conventional semiconductor processing methods.
The fabrication process is highly integrative, and several devices
can be processed in parallel with a yield higher than 95%. We have
shown the assembly and characterization of a hybrid semiconductor/SML/semiconductor heterojunction, where epitaxially
grown IIIV nanomembranes are used as charge injectors in
self-assembled organic monolayers. This system displays unique
transport characteristics, namely, the sequential transition from
direct tunneling to ﬁeld emission and then returning to direct
tunneling. Consequently, by connecting molecular layers with
semiconducting contacts, devices with completely diﬀerent electronic characteristics are created where such characteristics are
not expected, or possible, using either element separately. Furthermore, we have shown that it is possible to use Au as an
electrode material in order to create new MIS structures.
In comparison to similar methods for contacting molecular
layers, namely, membrane transfer,11 our approach can be used to
create molecular contacts using a wrinkle-free electrode made
out of diﬀerent material classes. In addition, such contacts can be
precisely positioned wherever they are needed by deterministic
self-assembly of strained nanomembranes.
There is no technical limitation for rolling up other metallic
strained layers including Cr, Ti, Co, Fe3Si, and Nb17,19,48,49 to
create diﬀerent junctions speciﬁcally incorporating magnetic and/
or superconducting materials. Analogous to the IIIV materials,
similar experiments using epitaxial Si and Ge18,50 as tubes and
ﬁngers could present another variety of hybrid devices. Finally
more complex functional molecules1 can be incorporated, such
that the ﬁnal device behavior combines the electrode’s physical
characteristics and the molecule’s properties.
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SUPPORTING INFORMATION

1. Au-alkanethiol SAM/Au heterojunctions
a. Fabrication of the Au-alkanethiol SAM/Au heterojunctions
The Au-alkanethiol SAM/Au heterojunctions were fabricated on Si (100) wafers covered by 1 µm
SiO2. The first step is the creation of the finger structure by patterning and etching 270 nm of the SiO2
layer in 10% HF for a few seconds (Supplementary figure 1a). Afterwards the mesa is covered by a
Cr/Au (5/20 nm) conducting layer (Supplementary figure 1b) by thermal evaporation, where the
roughness of the metal film covering the finger was kept below the SAM chain length (i.e ~ 0.36 nm
RMS). This low roughness was of importance, since devices with high roughness gold films displayed
1

short circuit behaviour. In all steps, the patterning is done by conventional photolithography. Next in the
sequence, as illustrated in Supplementary figure 1c, a contact pad is patterned overlapping the finger
structure by depositing Cr/Au (5/50 nm) again. Before depositing the strained layer, a GeOx layer (20
nm) is patterned as illustrated in Supplementary figure 1d.The fabrication process used for preparing the
sacrificial layer is described in detail elsewhere1. Next, the strained layer, consisting of a tri-metallic
nanomembrane Au/Ti/Cr (5/15/20 nm), is deposited by electron-beam evaporation on top of the GeOx
sacrificial layer (Supplementary figure 1e). Here, the Ti/Cr bimetallic layer creates the strain gradient
necessary for tube formation, while the bottom Au layer is used as the contact layer for the SAM after
rolling. Lastly, the pads for the strained layer (later the tube structure) are fabricated (Supplementary
figure 1f).
Preceding the rolling process, alkanethiol self-assembled monolayers (SAM), with chain lengths
ranging from 8 to 16 carbon atoms, are grown on top of the gold finger (Supplementary figure 1g). To
grow the SAM, we immerse the device structures into a freshly prepared ~5 mM alkanethiol in
methanol2 solution for 24 hours in an argon-filled glove box. After SAM growth, the sample is rinsed in
clean methanol and dried with a N2 flow.
Next, the rolling is performed, facilitated by the self-release of the strained metallic nanomembrane
through selective removal of the GeOx sacrificial layer in pure deionised H2O (Supplementary figure
1h). The contact between the tube and finger is formed after 2 hours of rolling. Alternatively, the
required rolling time can also be controlled by changing the GeOx composition and etching solution1.
After the rolling process, the tube-like electrode rests on top of the metallic finger establishing an
electrical connection through the SAM (Supplementary figure 1h). Notice that the contact to the tube
electrode is established by the Au layer which is the outermost layer of the tube (Supplementary figure
1i). Finally, after completion the samples are transferred from H2O to methanol and subsequently dried
in a vacuum chamber for 24 hrs.

2

Supplementary Figure 1: (a-h) Fabrication scheme of the Au-alkanethiol SAM/Au heterojunction. (i),
Au-alkanethiol SAM/Au interfaces (not to scale).
b. Contact angle measurements
In order to evaluate the quality of the alkanethiol layers prepared on the Au surface as well as the
changes of such layer after long time in the rolling solution (H2O), we performed contact angle
measurements in control-samples using the water droplet method. The control samples were prepared by
depositing a Cr/Au (5/20 nm) thin film on top of the Si/SiO2 substrate. This deposition on the control
samples was carried out simultaneously with the coating of the finger structure for the measured devices
(Supplementary figure 1b). Consequently, the roughness of both finger and control samples are
3

identical. Similarly, the growth of the alkanethiol SAM was performed simultaneously on the finger
structure and on the control samples. After the SAM growth and before the rolling procedure the contact
angle measurements revealed angles larger than 103o, regardless of the SAM chain length (see the
column “before rolling ” in the Supplementary Table 1). This indicates a hydrophobic Au surface
covered by a well-ordered SAM. To check for any possible damage to the SAM due to the long time
exposure in the rolling solution, the control samples were left in H2O for more than 12 hours (much
longer than the rolling time) before measuring once more the contact angle. As shown in Supplementary
Table 1, the SAMs do not suffer significant damage from the long immersion in the rolling solution.
Alkanethiol

Before rolling (θs)

After rolling (θs)

Octanethiol (C8)

105

103

Decanethiol (C10)

106

104

Dodecanethiol (C12)

109

106

Tetradecanethiol (C14)

114

115

Hexadecanethiol (C16)

115

110

Supplementary Table 1: Contact angle of alkanethiol modified Au surfaces determined immediately
after the SAM deposition (before rolling) and after leaving the samples immersed in water for more than
12 hours (much longer than the rolling time).
c. Contact resistance in the Au-alkanethiol SAM/Au heterojunction
In order to measure the Au-alkanethiol SAM/Au heterojunction, a voltage bias was applied between
the finger’s pad (F in supplementary figure 1h) and the tube’s pad (T1 or T2 in supplementary figure
1h). By measuring the resistance of several junctions rolled without molecules (i.e Au-finger/Au-tube
between F and T1 for instance), we were able to determine the devices series resistance (5 ± 1 Ω). In
addition, the electrical resistance of the tube was measured between T1 and T2 and was found to be as
small as 3 ± 1 Ω.
4

In Fig. 1, by extrapolating the junction differential resistance to zero CH2 units3, the total contact
resistance R0 (~ 8.9 Ω) was also determined from the data fit. By subtracting the series resistance due to
the finger and tube structures (5 ± 1 Ω.) from R0, we determined the effective contact resistance of the
Au-alkanethiol SAM/Au heterojunction as 3.9 ± 1 Ω. For a contact area of ~15 nm2, which is often
assumed when using conducting probe atomic microscopy3,4 to contact molecular layers, the effective
contact resistance obtained from R0 extrapolates to 70 ± 18 kΩ taking into account the contact area of
~0.27 µm2. This extrapolated value agrees with the values previously reported for identical alkanethiols
monolayers3.
2. Molecular beam epitaxy of the semiconductor stacking layer.
The semiconductor samples used in this work were fabricated by solid source molecular beam epitaxy
(MBE). All layer structures were grown on deoxidized epi-ready GaAs (001) wafers with an intrinsic ndoping of (1-5)x1018. Beryllium was used for p-doping while n-doping was achieved using silicon.
Target doping concentrations were 2x1019 and 5x1018 for p- and n-, respectively. Typical growth rates
were below 0.8 ML/second for all III-V materials. The growth temperature was kept at 70 °C below the
transition temperature between (2x4) and the c(4x4) reconstruction. Crystalline quality was checked
continuously during the entire growth process using RHEED.
3. Fabrication of the p:GaAs-C16PA/n:InGaAs and p:GaAs/n:InGaAs heterojunctions
a. Common steps for both junctions
The back electrical contact was created by thermal evaporation of 12 nm Ge and 88 nm Au on the
back side of the heavily n-doped GaAs wafer (Supplementary figure 2a). Afterwards the sample was
annealed at 430°C for 1 minute to diffuse the Ge into the sample and create an ohmic contact.
To contact the p-doped GaAs layer on the top-side of the sample a shallow ohmic contact with 3 nm
Pd, 15 nm Cr and 50 nm Au was deposited by e-beam evaporation using photolithography and metal
lift-off (Supplementary figure 2b). Next, a mesa structure was patterned by photolithography, defining
the active area (p:GaAs mesa) by etching away ~25 nm of the top p:GaAs/AlGaAs layers in a solution of
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phosphoric acid/hydrogen peroxide/water (1:10:500) on the rest of the sample (Supplementary figure
2c).

Supplementary Figure 2: (a) Semiconductor layer structure grown by MBE including the back Ohmic
contact. (b-d) fabrication steps for the preparing the hybrid p:GaAs-C16PA/n:InGaAs and
p:GaAs/n:InGaAs heterojunctions.
Prior to the SAM deposition, a deep trench is etched down to the n:AlAs sacrificial layer using a
solution of K2Cr2O7/HBr/CH3COOH (Supplementary figure 2d). Afterwards the structure is ready for
rolling by underetching the n:AlAs sacrificial layer. Supplementary figure 3 shows a SEM image of the
device before rolling.
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Supplementary Figure 3: Top view of the planar semiconducting structure before rolling up.
b. Formation of the p:GaAs-C16PA/n:InGaAs heterojunction
For preparing the p:GaAs-C16PA/n:InGaAs, the processed substrate was first dipped in a 5% HCl:H20
solution for 15 s to remove the native oxide from the p:GaAs surface layer. Immediately after the oxide
removal, the sample was immersed in a solution of 5 mM hexadecylphosphonic acid (C16PA) in ethanol
for 24 hours to deposit the SAM. The SAM deposition was completed in an argon-filled glove box.
After the SAM growth the sample was rinsed in pure ethanol and dried in N2.
With the SAM deposited, the next step to form the p:GaAs-C16PA/n:InGaAs heterojunction was
rolling the nanomembrane in a solution of HF/H2O (3.1 vol%) for 30 s. The contact angle measurements
indicate that no damage to the C16PA layer on the p:GaAs is created by immersing the sample in the
rolling solution for at least 3 minutes. Before and after rolling, the measured contact angle for the
C16PA on p:GaAs was 109o and 108o, respectively. In order to stop the rolling, the sample was
transferred to water and then ethanol. Afterwards, the rolled-up sample was left in mechanical vacuum
for 12 hours prior to the measurements.

7

c. Formation of the p:GaAs/n:InGaAs heterojunction
Prior to rolling, the processed substrates were dipped in a solution of 5% of HCl in water for 15 s to
remove the native oxide from the p:GaAs surface layer. Next, rolling was performed by immersing the
structure in a solution of HF/H2O (3.1 vol%) for 30 s. This time is enough for the released
nanomembrane to perform ~1.5 rotation. The number of windings can be controlled by the rolling time.
For instance, in Supplementary Figure 4, an image of a rolled device comprising ~3 windings is shown.
In this device the tube electrode has a diameter of about 10 µm.

Supplementary Figure 4: Top view of the device structure after rolling up. The rolling occurs by the
selective removal of the n:AlAs sacrificial layer in low concentration HF solution.
4. Fabrication of the Au-C16S/n:InGaAs and Au/n:InGaAs heterojunctions
a. Common steps for both junctions
Similar to the p:GaAs-C16PA/n:InGaAs heterojunction, the back electrical contact is realised by
thermal evaporation of 12 nm Ge and 88 nm Au on the back side of the heavily n-doped GaAs wafer
(Supplementary Figure 5a which is annealed at 430 °C for 1 min afterwards.
For this device concept, the Au top electrode was fabricated by depositing 5 nm Cr followed by 8 nm
Au (Supplementary Figure 5b) to create a mesa structure. The contact pad slightly overlaps the Au
8

electrode (Supplementary Figure 5c) and was made by the electron-beam deposition of Cr/Au (5/50 nm).
Furthermore, the AlGaAs:i layer was etched ~40 nm below the Cr/Au mesa by using a solution of
phosphoric acid/hydrogen peroxide/water (1:10:500). This procedure was used to improve the rolling
dynamics of the semiconducting nanomembrane. The last step consists of a deep trench which is opened
to allow the underetching of the AlAs:Si sacrificial layer (Supplementary Figure 5d) which was done by
immersing the sample in K2Cr2O7/HBr/CH3COOH solution for a few seconds.

Supplementary Figure 5: (a) Semiconductor layer structure grown by MBE including the back Ohmic
contact. (b-d), fabrication steps for the preparing the hybrid Au-C16S/n:InGaAs and Au/n:InGaAs
heterojunctions.
b. Formation of the Au-C16S/n:InGaAs heterojunction
Prior to rolling the samples were immersed in a freshly prepared solution of ~5mM hexadecanethiol
(C16S) in ethanol for 24 hours. The growth was performed in an Argon glove box. After the SAM
growth, the samples were rinsed in pure ethanol to remove physisorbed molecules.
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The rolling process takes place by immersing the sample in a solution of HF/H2O (3.1 vol%) for 30s.
Similar to the C16PA grown on p:GaAs, the C16S on Au did not exhibit a clear sign of damage after
immersed in the rolling solution. Before and after rolling the measured contact angle was 105o and 106o,
respectively. To stop the rolling, the samples were transferred to water and then to pure ethanol.
Afterwards, the rolled sample was left in mechanical vacuum for 12 hours previously the measurements.
c. Formation of the Au/n:InGaAs heterojunction
In order to prepare the Au/n:InGaAs the sample is rolled without the SAM deposition step after the
opening of the deep trench in a solution of HF/H2O (3.1 vol%) for 30s.
5. Roughness of the semiconducting interfaces
In this section we discuss the smoothness of the interfaces in the rolled-up structures. In fact, the
interfaces have been carefully studied by us for several material systems5. Basically, for the AuC16S/n:InGaAs heterojunctions two interfaces are of interest: the top interface of the Au layer and the
newly formed interface by removing the AlAs sacrificial of the bottom n:InGaAs. For the the p:GaAsC16PA/n:InGaAs heterojunction, the top interface of interest is the p:GaAs. The internal interface of a
rolled-up semiconductor/organic layer system is studied in detail elsewhere6. From our previous studies,
we show that the rolled-up layers inherit the roughness of the epitaxial layer which is some monolayer
fluctuations. HR-TEM images7 obtained for similar structures depict the high quality of the interface.
Additionally, these images reveal an atomic smooth surface of the bottom as well as the top
semiconductor layers.
As mentioned above, the releasing of the semiconducting nanomembrane takes place in a solution of
HF/H2O (3.1 vol%) for 30s. That the HF used to remove the AlAs does not attack and therefore
roughen the GaAs interface is not only demonstrated by the extreme high selectivity8, but also by our
ability to release membranes as thin as 5 monolayers 6: If any roughing were to take place, such thin
membranes could not be released.

10

6. Characterization
a. Characterization techniques
The as-processed devices were imaged using a Zeiss Cross-beam® with 5-20 kV acceleration voltage.
All i-v characteristics were measured using a Keithley 2635A source-meter. The low-temperature
measurements were performed in a Lakeshore helium flow probe-station cryostat.
b. Heterojunctions based on semiconducting tubes: yield
Each sample (with and without SAM) consists of arrays of junctions varying between 10 and 210
devices, depending on the mask design and pads size, with a yield ranging from 85% to 90%. The
breaking of the tubes during the rolling procedure is the main reason for the yield losses. If we consider
only the perfect rolled tubes, the yield of working junctions increases to 95% to 100%. In this case, the
main factors responsible for the yield losses are the defects on the semiconductor stacking layer and the
small damages occurred during the photolithographic process. In order to evaluate the yield, all devices
on a chip were characterized by i-v measurements at room temperature. On the same chip all i-v
characteristics agree qualitatively. For the Au-C16S/n:InGaAs heterojunction a variation of the current
magnitude is of ~ 9% from device to device. The p:GaAs-C16PA/n:InGaAs heterojunctions show a
better statistics with a current variation of maximum 5% for devices on the same chip. At least 7 devices
for each type of heterojunction were fully characterized at low temperature.
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