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ABSTRACT: One of the best strategies for achieving faster
computers is to mitigate the millisecond-order time delays
arising from the transfer and storage of information between
silicon- and magnetic-based memories. Segregating-binary-
alloy (SBA)-type phase-change materials (PCMs), such as
gallium antimonide-based systems, can store information on
10 ns time scales by using a single memory structure;
however, these materials are hindered by the high
consumption of energies and undergo elemental segregation
around 620 K. Nanowire-like PCMs can achieve low-energy
consumption but are often synthesized by vapor−liquid−solid
methods above 720 K, which would cause irreversible
corruption of SBA-based PCMs. Here we control the morphology, composition, and functionality of SBA-type germanium−
tin oxide systems using template-driven nucleation that leverages the electrostatic-binding specificity of the M13 bacteriophage
surface. A wirelike PCM was achieved, with controllable and reliable phase-changing signatures, capable of tens of nanoseconds
switching times. This approach addresses some of the critical material compositional and structural constraints that currently
diminish the utility of PCMs in universal memory systems.
KEYWORDS: phase-change materials, nanowires, switches, genetic engineering, M13 bacteriophage

■ INTRODUCTION
The ever-increasing demand for faster and more efficient
computers has driven the widespread search for next-
generation optoelectronic, photonic, or electronic memory
devices that can rapidly process and store information.1−3 This
search has been not just about exploring new methods to
construct smaller or stackable systems but also about
discovering novel materials or structures to integrate more
devices (or perform multiple computations) on a single chip.4

For instance, current computers often rely on frequent
information transfer between the fast, yet volatile, silicon-
based random access memory (RAM) and the slow, yet
nonvolatile, magnetic-based hard disk drive, transfers that
typically yield delays on the order of milliseconds.5 To
overcome this problem, one of the best solutions is to develop
a single “universal-like” memory type that is both fast and
nonvolatile, but this is largely unachievable using traditional
silicon memories and magnetic drives.6

Phase-change materials (PCMs) have been shown to be
excellent candidates for achieving universal memory systems,
with switching times on the order of ten of nanoseconds.7

PCMs are based on the reversible transition between
amorphous and crystalline states exhibiting altered physical

properties, viz., optical reflectance and electrical conductance.8

The conventional PCM, Ge2Sb2Te5 (GST), can be limited by
the segregation of atomic components, variation in stoichiom-
etry, and incompatibility with complementary metal oxide
semiconductor (CMOS) manufacturing processes.9 Tellurium-
free or segregating-binary-alloy (SBA)-based materials, e.g.,
germanium−tin-based systems, can offer an alternative
solution for realizing PCMs while avoiding the reliability and
cost drawbacks of GST.10 Compared to GST, these SBA-based
materials can achieve around 30% higher resistance to
spontaneous crystallization during the long-term retention of
information and ∼10 times faster switching.11 Nevertheless,
SBA-type materials tend to be inhibited by high power
consumption and element segregation around 620 K, making
them difficult to incorporate into current integrated circuits.10

Nanowire systems are a promising strategy for achieving low
power consumption in PCMs.12 Nanowire PCMs can easily
achieve sublithographic sizes, with negligible process-induced
material damage due to a facile etch-free process.13 The
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nanowires can also be constructed along the z direction for
integration into advanced 3D electronic circuits.14 The
switching times for Reset (crystalline to amorphous state)
for some nanowire PCMs, e.g., InSbTe- and Ga-doped-InO
types, can be fast, on the order of ten of nanoseconds to
hundreds of nanoseconds.15−17 The switching times for Set
(amorphous to crystalline state) can be on the order of ten of
nanoseconds to a few microseconds.15−17 Most phase-change
nanowires have been synthesized using conventional gold-
catalyzed vapor−liquid−solid (VLS) processes; however, the
VLS is a high-temperature process, and this method often
requires heating of the Au-PCM alloy above its eutectic/
melting point of around 720 K.18 A difficulty arises from the
trade-off between increasing the velocity of growth and, at the
same time, reducing the annealing temperature to avoid
segregation of the SBA-based materials.19 Nanowire PCMs can
also be grown at lower temperatures, e.g., InSbTe-based
nanowires grown using the metal−organic chemical vapor
deposition (MOCVD) and MOCVD-via-VLS methods at
∼520 and 620 K, respectively, as reported recently.15,16

Here, we demonstrate control of the morphology,
composition, and functionality of an SBA-type PCM,
germanium−tin oxide, using template-directed nucleation

achieved via electrostatic binding selectivity of the filamentous
M13 bacteriophage surface. The template structure, M13
bacteriophage (“phage”), is approximately 6.5 nm in diameter
and 880 nm in length and has been previously demonstrated to
be an excellent biological template for achieving ultrasmall,
functional wires to form self-assembly building blocks for state-
of-the-art electronic devices.20 The PCM can be synthesized
on the M13 bacteriophage because of affinity binding between
the PCM precursor components and negatively charged amino
acids on the M13 bacteriophage surface. Furthermore, this
platform enabled a comparison of the material composition
and performance of PCMs templated on wild-type (WT)
phage or a phage variant (E3) genetically engineered to have
increased surface negativity.
The as-formed state of material templated on phage was

observed to show a crystalline mixture due to the nucleation
and growth of different germanium and tin suspension
components. The crystalline mixture included germanium−
tin oxide, which can function as a PCM. A similar material,
gallium−indium oxide, has recently been demonstrated to
show reversible switching between the crystalline and
amorphous states, produced by Joule heating by applying
electrical pulses.21 Annealing germanium−tin oxide in the

Figure 1. Binding, synthesis, and utility of the nanoscale, wirelike PCMs with phage. (a) Schematic configurations illustrating the atomic binding of
materials during synthesis with and without phage. The red and green atoms represent two different species of a SBA-based material, and the yellow
filaments (or wires) denote the phage. (b) TEM images of the sample of suspensions with no phage (top) and E3 phage (bottom). (c) Schematic
of the test structure and also a photograph of the structure made of gold/nickel-on-copper electrodes patterned on plastic-laminated substrates. (d)
Time evolution of the current that has passed through the structure with no phage and WT phage during pulsed excitations with V ≈ 8.0 V. We
have investigated multiple samples, although a sample is shown. The structure was initially at the high resistance level.
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crystalline state above the melting point by an applied voltage
or optical pulse can produce liquid germanium−tin oxide with
a homogeneous composition. During cooling, the liquid can
rapidly cool to quench it to an amorphous state (Reset
process). To switch back to the crystalline state, the material
can be reannealed above the crystalline temperature with an
electrical or optical pulse of lower magnitude and extended
duration (Set process), facilitating its atoms to rearrange into
the crystalline state. We noted that the as-formed state of the
sample without phage showed a crystalline mixture comprising
mainly single-metal-oxide components. The sample without
phage can exhibit a higher resistance level compared to the
sample with phage, and it cannot show reversible switching
because negligible germanium−tin oxide was produced. Pure
tin oxide, for instance, has been reported to show a higher
resistivity value than germanium−tin oxide.22

Overall, a biologically templated, wirelike PCM was
achieved, with tunable and reliable memory switching
characteristics. We further demonstrate that by varying the
amino acid composition of the phage surface, thus increasing
the negativity of the template surface, the composition of the
material could be controlled. Optical characterizations and
binding assays revealed the specificity of phage for binding the
phase-change-based precursors, which is observed to be the
key to enhancing the switching signatures. This approach
avoids the high-energy synthesis of material systems and
atomic segregation of initial material phases by using low-
temperature templated nucleation kinetics rather than the
thermally expensive VLS dynamics.

■ RESULTS AND DISCUSSION
The germanium−tin oxide suspension was synthesized by
mixing phage in GeCl4 and SnCl4·5H2O precursor solutions at
277 K (see the Experimental Section in the Supporting
Information). To assess the effect of the phage surface
chemistry on the synthesis of nanowire-like structures, two
M13 phage variants, WT and E3, were compared. The body
(capsid) of the M13 phage is composed of approximately 2700
copies of the p8 major coat protein, with several additional
coat proteins comprising the phage termini.23 The E3 phage is
a modified clone of the WT M13KE phage, with an additional
negatively charged amino acid incorporated into each p8 coat
protein.24 This is achieved by replacing the WT peptide
sequence EGD with the triglutamate EEE within the solvent-
exposed terminus of the p8 protein. Because of the presence of
additional carboxylic acid groups compared to the WT
proteins, the E3 phage exhibits stronger ionic interactions
with cations, which can promote the binding between a target
material and phage and drive nucleation of the target material
on phage surfaces25 (Figure 1a).
By transmission electron microscopy (TEM) inspection, the

suspension without phage showed irregular material aggre-
gates, in marked contrast to the suspension with WT or E3
phage, which showed dispersions with wirelike structures,
indicating that the morphology of PCMs can be modified by
different suspension components (Figures 1b and S1). Silicon-
based nanowires have been demonstrated to exhibit less
regular forms and sub-50-nm thicknesses for achieving 3D
integrated circuits.26 Phage-templated samples also showed
wirelike configurations with lower homogeneity and several
tens of nanometers thickness, integrable with 3D circuitries,
viz., around 45 nm. It should be noted that such low-
temperature (viz., ∼277 K), line-type structures were not

facilely realized by previous VLS studies, which typically
require temperatures above 720 K.19 These findings illustrate
the facility of the biological-based methodology to achieve
nanometer-sized, wire-based configurations of PCMs at low
temperature.
Energy-dispersive X-ray spectroscopy (EDS) mapping was

used to obtain the distribution of germanium and tin for the
PCM suspension with and without a phage template.
Nontemplated suspensions contained irregular clusters com-
posed of a high amount of germanium, with a negligible
amount of tin (Figure 2a). This is in marked contrast to phage-

templated samples, which showed high amounts of both
germanium and tin (Figures 2a and S2). Figure 2b shows the
normalized concentration values of germanium and tin for the
suspension with and without phage, i.e., (amount of
germanium or tin/total amount of germanium and tin) ×
100%. The phage-templated systems showed a higher
concentration of tin compared to the nontemplated system,
viz., about ∼21.8−25.7 and 5.7 atom %. The E3 phage-
templated system exhibited an increased concentration of
germanium relative to the WT phage-templated system, viz.,
78.1 and 74.2 atom %, implying that the concentration of the

Figure 2. Control and tuning of the components of the PCM via
phage-enabled binding. (a) EDS mapping of the sample of
suspensions with no phage and E3 phage. Color coding of atomic
species: Ge, red; Sn, green. The TEM image of the sample is also
shown (right). (b) Dependence of the normalized species
concentration on the phage used for the samples. The species
concentration was estimated using a simple calculation, e.g., (amount
of germanium or tin/total amount of germanium and tin) × 100%.
The error bars show the range of values obtained from experiments
performed on two different samples.
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PCMs can be manipulated by varying the phage surfaces.
Additionally, the E3 phage-templated samples showed uniform
distributions of germanium and tin (Figure 2a). Figure S7 also
details the components of the samples. We note that such
uniformity of germanium and tin is not easily achieved by
previous studies of germanium−tin clusters/ions implanted
within silica matrixes, which require high-temperature ion
implantation, causing elemental segregation of the initial
material state.10 A difficulty arises from the trade-off between
lowering the energy needed for injecting ions and increasing
the depth of penetration beyond the material surface.27

To investigate how WT and E3 phages were capable of
templating PCMs with different concentrations of Ge and Sn
under the same synthesis conditions, a binding affinity
experiment was conducted on both bulk samples and the Ge
and Sn precursor materials. Using an enzyme-linked
immunosorbent assay (see the Experimental Section in the
Supporting Information), we have found that the E3 phage can
bind Ge more readily than the WT phage, while both phage
variants have similar affinities to Sn (Figure 3a). Moreover, we
investigated the specificity of phage for binding the phase-
change-based precursors by examining the suspension with

phage after incorporating the last precursor (see the
Experimental Section in the Supporting Information). The
suspension with phage of high affinity to oxide-based materials
has been shown to display higher absorbance values relative to
the suspension with a low-oxide-affinity phage.28 By ultra-
violet−visible (UV−vis) absorption spectroscopy, the suspen-
sion with E3 phage showed higher absorbance versus the
suspension with WT phage for varying synthesis temperatures
(Figure 3b). The same result is similarly observed for alternate
synthesis durations (Figure S4). These results agree with those
in Figure 2 and indicate that the E3 phage has a higher
preference for binding the PCMs than the WT phage. The
findings further suggest that the selectivity of phage for binding
these materials is robust to both variations in time and
temperature.
For the first time, we have shown a phase-change-based,

biologically enabled, switchable material with fast switching
characteristics. Our PCM suspensions were cast upon Au/Ni-
on-Cu patterned electrode arrays to construct metal-to-phage-
templated-materials-to-metal testable configurations, concom-
itant with the testing setup for other curli-based systems29

(Figure 1c). The samples were initially at the high resistance
level. Voltage pulses were applied to tune the resistance state of
the samples, and the resulting conductivities were measured.
Upon electrical pulse excitation, configurations without
biological templating showed no increase in conductance
from the high resistance state (Figure 1d). In contrast, the WT
phage-templated samples showed marked increase in the
electrical conductivity. Furthermore, various voltage magni-
tudes and pulse lengths were delivered and the resulting
steady-state resistances measured. Nontemplated systems
could not be switched from the high to low resistance levels
(Set), let alone back to the starting level (Reset), compared to
the templated configurations, which can perform both
operations, viz., between ∼20 and 5 MΩ, suggesting that the
functionality of PCMs can be controlled by altering the
suspension components (Figure 4a,b). In comparison,
gallium−indium-based phase-change alloys have been demon-
strated to display reversible switching between the high and
low resistance levels on the order of several tens of megaohms
and megaohms, respectively.21

A Set transition is normally slower than Reset, thus limiting
the overall PCM speed.11 By optical pulse excitation, we found
that the E3-templated PCM can exhibit Set with pulses on the
order of tens of nanoseconds, viz., ∼90 ns (Figure S6), which is
promising compared with those for advanced solution-based
phase-change films, viz., GeSbSe with 100-ns-order switching
pulses.30 The combined use of X-ray diffraction (XRD),
current−voltage, and resistance−voltage measurements further
infers that the E3-templated configurations should exhibit
switching from the amorphous-and-crystalline state to the
crystalline/intermediate state before and after the Set process
(Figures S7−S10).
Interesting aspects of organic-template-derived materials

with alterable and reliable signatures for memory applications
have been reported in the literature. Poly(vinylidene fluoride-
co-trifluoroethylene) (PVDF-TrFE) memory structures have
been demonstrated to show switching voltage and switching
times for Set in the few volts range and more than 1 s range,
respectively.31 Researchers have also reported that germanium
telluride nanoparticle (GeTe-NP)-based memory structures
exhibit switching bias and switching duration for Set on the
order of several volts and hundreds of microseconds,

Figure 3. Investigation of the mechanism and characteristics of the
phage-enabled binding for the PCMs. (a) Plots showing the
absorbance values for the metal-bound phage sample measured
using the horseradish peroxidase-conjugated anti-M13 antibody with
a colorimetric substrate for varying the phage concentrations. The
absorbance of the sample was measured at λ ≈ 450 nm. (b)
Dependence of the absorbance values for the suspension with phage
on the synthesis temperatures. The absorbance values were obtained
from UV−vis absorption spectroscopy spectra of the suspension
measured at λ ∼ 700 nm (Figure S3). The suspension was heated for
15 min before each spectrum measurement. The error bars show the
range of values obtained from experiments performed on two different
samples/suspensions.
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respectively.32 These structures (GeTe-NP) also show switch-
ing voltage and switching times for Reset are on the order of
tens of volts and tens of nanoseconds, respectively.32 Our E3
phage-templated PCM systems displayed lower switching
voltages and faster switching times for Set relative to the
WT phage-templated systems, e.g., around 6.0 and 7.0 V and
∼12 and 16 s, respectively (Figure 4a). A similar enhancement
in the same set of parameters is further noted for Reset, i.e.,
approximately 8.0 and 9.0 V and ∼6 and 8 s (Figure 4b).
Additionally, PVDF-TrFE/GeTe-NP systems have demonstra-
ted the retention of alternate electrical conductance levels on
the order of several hours and reversible switching between the
high and low resistance levels on the order of tens to hundreds
of cycles.31,32 As predicted, the nontemplated structure could
not achieve long retention of both high or low resistance levels
and good reversibility of switching between these levels; it
effectively remains at the high resistance state (Figure S11). In
contrast, the phage-templated systems could achieve all of
these functions, meaning that the functionality of PCMs is
robust to modifications in time and electrical excitation, viz.,
more than 24 h and >200 cycles (Figure 4c,d).
Furthermore, the phage-templated configurations can show

faster speed for Set with electrical priming,33 viz., around 95 ns
(Figure S12). Similarly, the switching time for Reset becomes
shorter with electrical premelting,34 e.g., less than ∼60−70 ns.
It should be noted that the phage-templated configurations
show a decreased programming window, e.g., from a factor of
∼100 (Figure S10; around 20 MΩ to 200 kΩ) to a factor of 4
(Figure 4a,b; ∼20 to 5 MΩ), when the pulse length is
decreased from around 90 s (Figure S10) to 20 s (Figure

4a,b).35 Under nanosecond pulse treatment, the window might
be reduced such that it becomes effectively undetectable.
However, with electrical priming, the programming window of
approximately 20 MΩ to 200 kΩ can be preserved by using a
∼95 ns pulse (Figure S12). It may be that some thermal
prestructural ordering is induced by electrical priming,
enabling faster nucleation and growth upon a subsequent
stronger electrical pulse. We note that the switching voltages,
speeds, cycles, and retention-times achieved in our structures
(E3) may be less enhanced compared to those for other
traditional high-temperature PCM syntheses.18 We believe that
through additional selection and genetic engineering we will
continue to advance targeted device characteristics including
switching voltage, speed, cycle, and retention time.
The germanium−tin oxide related materials templated on

phage demonstrate switching behavior that we attribute to
germanium−tin oxide. However, other components, e.g., GeO2
and GeSn, might also contribute to this behavior. We are
limited in our ability to quantify the ratio of these species, i.e.,
GeSnO, GeO2, and GeSn, in specific nanowires because it can
be generally difficult to use typical atomic composition
measurements, e.g., EDS mapping, to distinguish an element
between particular species.36 Given the synthesis and casting of
the nanowires onto the device electrodes, it can be reasonable
that not all nanowires make contact with the electrodes and
thus not all nanowires undergo phase transition. However, it
should be noted that multiple nanowire devices show
reproducible characteristics for the same phage type in 3−10
devices for all Set and Reset experiments (Figures 4 and S6, S9,

Figure 4. Phage-templated PCM structures exhibiting controllable and reliable switching characteristics. Dependence of the applied voltage pulse
magnitude (left) and duration (right) on the (a) Set and (b) Reset processes. A fixed pulse duration (∼20 s) was maintained during the testing of
different voltage pulse magnitudes. Fixed voltages of around 7.0 and 9.0 V were maintained while testing pulse durations for the Set and Reset
operations, respectively. (c) Time evolution of the device resistance for the device in the high (top) and low (bottom) resistance levels. (d)
Repeated device switching between high and low resistance states, for both WT and E3 phage-templated PCMs. In parts a−c, the error bars show
the range of values obtained from experiments performed on 10, 10, and 3 different devices, respectively. In part d, the number of samples was n =
3. In parts a−d, the device was switched between the high and low resistance levels of R ≈ 20 and 5 MΩ, respectively.
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S10, and S12), indicating that the sample preparation might
not significantly affect the performance reproducibility.
The primary focus of this work is to demonstrate the

feasibility of low-temperature synthesis and control of the
PCM composition through filamentous phage surface charge.
The optical, material, and electrical characterization results
suggest that the controllable and reliable switching character-
istics derive from the specificity of electrostatic binding during
synthesis. By synthesis of a material using phage with a
stronger affinity for phase-change-based precursors, a system-
atic increase in the uniformity of atomic distributions could
facilitate the atomic diffusion necessary for the alternate forms
of structural ordering during switching. This phenomenon
would explain both the observed controllable switching and
reliable properties seen in the structure with phage. For the
purpose of investigating the effect of size, which is another
important variable that can affect the PCM performance,37

future work should include modulation of the length of the
M13 phage38 or the use of alternative biological templates with
different aspect ratios, e.g., tobacco mosaic virus, 18 nm in
diameter and 300 nm in length.39

In this work, we employed a filamentous bacteriophage as a
nucleation template to enable a low-temperature synthesis of a
wirelike PCM that demonstrated tunable and reliable switching
signatures. The improved species distributions, switching
voltages, and switching times realized by the E3 phage over
the WT phage imply that advanced genetic engineering of the
template phage, whether through rational design or directed
evolution, has the ability to further enhance these PCM
characteristics. In addition, the modular nature of the M13
phage could be leveraged to add orthogonal functionalities to
the system for achieving avant-garde self-assembly electronic
circuits. One such scheme might be to engineer the p3- and
p9-coated proteins at the ends of the phage to express peptides
with binding specificity for titanium nitride, a widely used
CMOS-compatible material. This could not only facilitate
connection of the templated PCM to external circuitry but also
assist controlled placement to a specific location on the
semiconductor substrate, thus opening new opportunities for
optimizing the performance of wirelike, phase-change, non-
volatile memory devices.
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