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Single-crystalline germanium nanomembrane
photodetectors on foreign nanocavities
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Miniaturization of optoelectronic devices offers tremendous performance gain. As the volume of photoactive
material decreases, optoelectronic performance improves, including the operation speed, the signal-to-noise
ratio, and the internal quantum efficiency. Over the past decades, researchers have managed to reduce the
volume of photoactive materials in solar cells and photodetectors by orders of magnitude. However, two issues
arise when one continues to thin down the photoactive layers to the nanometer scale (for example, <50 nm).
First, light-matter interaction becomes weak, resulting in incomplete photon absorption and low quantum ef-
ficiency. Second, it is difficult to obtain ultrathin materials with single-crystalline quality. We introduce a method
to overcome these two challenges simultaneously. It uses conventional bulk semiconductor wafers, such as Si, Ge,
and GaAs, to realize single-crystalline films on foreign substrates that are designed for enhanced light-matter
interaction. We use a high-yield and high-throughput method to demonstrate nanometer-thin photodetectors
with significantly enhanced light absorption based on nanocavity interference mechanism. These single-crystalline
nanomembrane photodetectors also exhibit unique optoelectronic properties, such as the strong field effect and
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spectral selectivity.

INTRODUCTION

Recently, ultrathin semiconductors [for example, silicon (Si)/germanium
(Ge) nanomembranes (I, 2) and two-dimensional (2D) materials (3-5)]
have emerged as attractive building blocks for miniaturized optical/
optoelectronic devices. To enhance the light-matter interaction, thin-
film interference in lossy, ultrathin semiconductor layers received ex-
tensive research efforts (6) due to their potential applications for
integrated optical filters (7, 8), high-efficiency ultrathin-film energy-
harvesting devices (9), energy conversion materials/structures (10, 11),
and dynamic wave-shaping metasurfaces (12). For instance, Ge thin
films (1 to 20 nm) were coated on flat metal films to exploit strong
interference effects and achieve high absorption (that is, 65 to 95%)
at resonant wavelengths in the visible-to-near-infrared spectral region
(13). However, all these works are based on amorphous semiconduc-
tors. Consequently, their optoelectronic device performance (14) is far
inferior to those crystalline material-based counterparts. Although
single-crystalline films can be obtained through rapid melt growth
(RMG) (15, 16), wafer bonding (17), and/or epitaxial growth (18, 19),
each of these methods has its limitations. For example, the RMG
method will introduce high-temperature process flow (>900°C) to re-
crystallize the Ge material. The wafer bonding method will require the
substrate removal after the process, and the epitaxial growth needs very
thick buffer layers. Fabrication of crystalline thin films on foreign sub-
strates turns out to be critically important for ultrathin optoelectronics.
The recently emerging membrane transfer technology provides a
promising way to enable the combination of crystalline thin films with
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foreign substrates (20, 21). In particular, the foreign substrate can be
designed with effective photon-management functionalities to greatly
enhance the weak light absorption in ultrathin materials. Here, we
demonstrate a new method to realize high-performance ultrathin op-
toelectronic devices based on nanocavity-enhanced mechanisms.
Using single-crystalline semiconductor membranes on functionalized
nanocavity substrates, we achieve strong light-matter interaction within
nanometer-thick Ge films. Although we use Ge as an example to dem-
onstrate a high-performance photodetector, our method can be applied
to other semiconductors, including two-dimensional (2D) materials (22, 23),
to enable the development of improved ultrathin optical/optoelectronic
devices.

RESULTS
Ultrathin crystalline Ge on foreign substrates
Here, we first used the membrane transfer method (20, 21) to realize
the integration of crystalline semiconductor films with a foreign sub-
strate, as shown in Fig. 1A. We started from a Ge-on-insulator (GeOI)
wafer as the source wafer (Fig. 14, i, and figs. S1 to S3; see Materials
and Methods). The thicknesses of the top Ge layer and the insulator
layer of SiO, are 100 nm and 1 pum, respectively. We then released the
top Ge membrane using hydrofluoric acid (Fig. 14, ii) and transferred
it onto a foreign substrate using polydimethylsiloxane (Fig. 14, iii). Fi-
nally, we used low-power dry etching to thin down the membrane to
the desired thickness (Fig. 1A, iv). Figure 1B shows the optical micros-
copy images of transferred Ge membrane samples. The substrate was
designed to enhance the light absorption in Ge membranes. It consists
of three layers: a top Al,O; layer, a middle silver (Ag) layer, and a Si
substrate. The top Ge film thickness, measured by atomic force mi-
croscopy (AFM) (fig. $4), ranges from 10 to 60 nm. These films exhibit
different colors under white light illumination because of the optical
interference (Fig. 1B and figs. S5 and S6).

To reveal the crystal quality of the Ge membrane, we performed
high-resolution x-ray diffraction (HR-XRD) characterization. Figure 1C
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A) Schematic of the fabrication process flow of the Ge nano-

membranes on foreign substrates. The laboratory-made GeOl was used as the source wafer, and the membrane transfer—printing method (figs. S5 and S6) was then
used to transfer the Ge membrane onto a foreign substrate. Subsequent thin-down process was adopted to obtain the desired Ge thickness (10 to 60 nm). (B) Optical
microscopy image of ultrathin Ge (10 to 60 nm), which is transfer-printed on Al,05/Ag/Si substrates. Scale bars, 75 um for all five subfigures. (C) Triple-axis HR-XRD scans
of our transferred crystalline ultrathin Ge (red) and evaporated amorphous Ge (blue) films. The thicknesses are both 20 nm. (D) Raman scattering results of the two
samples in (C). The Raman signal of the transferred Ge membrane shows the typical single peak (300.9 cm™) of single-crystalline Ge materials.

shows the (004) ®-20 triple-axis scans. A clear peak at 33.1° (red line)
confirms the single crystallinity of transferred Ge membranes (24). In
comparison, we also examined an evaporated and annealed Ge film
with the same thickness. Here, the evaporated amorphous Ge film
was annealed at 500°C to improve the crystallinity (25). This type of
polycrystalline Ge film was typically used to fabricate Ge photodetectors
on foreign substrates using low-temperature processes (26). However,
no peak was observed at 33.1° for the blue line in Fig. 1C, which indi-
cated the lack of single crystallinity. This comparison reveals the advan-
tage of our membrane transfer method in the quality of Ge films, which
is important for the performance of photodetectors. Another peak in
Fig. 1C at the angle of 34.6° comes from the (100) Si substrate, which
is observed in both samples. Figure 1D shows the Raman spectroscopy
of these two samples. One can see a single peak at the wave number of
300.9 cm™" for the transferred Ge membrane, which is another signa-
ture of the single-crystalline Ge film (27). In contrast, multiple peaks
were observed in the evaporated and annealed Ge film. These peaks
are attributed to the Ge-H, and second order of Ge-Ge bonds formed
in the annealing process (28). Both the XRD and Raman results show
excellent crystalline properties of the transferred Ge films. Next, we dis-
cuss the design of the foreign substrate to enhance the light-matter in-
teraction within this crystalline thin film.

Foreign substrate with effective photon management

Predesigned foreign substrates allow us to use a functionalized nanocavity
structure to greatly improve the light absorption in nanometer-thin Ge
films. The absorption depth of Ge varies from approximately 120 nm
(at the wavelength of 700 nm) to 390 nm (at the wavelength of 900 nm),
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much thicker than our thin films. In this case, the absorption in a 20-nm-
thick region is less than 16% in this wavelength range. To overcome this
limitation of weak absorption, we use a layered substrate that consists of
a 220-nm-thick lossless dielectric spacer and a reflective Ag mirror to
form a functionalized nanocavity structure (Fig. 2A). As shown by the
solid line in Fig. 2B, the simulated absorption in a 20-nm-thick Ge mem-
brane on a 220-nm-thick Al,O3/Ag cavity reaches 81% around the res-
onant wavelength of 733 nm. The spatial distribution of light absorption,
obtained in a simulation based on the finite element method, shows
enhanced absorption in the ultrathin layer of Ge (Fig. 2C). In contrast,
the absorption in ultrathin crystalline Ge films without photon manage-
ment is weak. For example, ultrathin crystalline Ge films can also be fab-
ricated using epitaxial growth [for example, see the study of Wang and
Lee (29), as illustrated in Fig. 2D]. However, the substrate should be a
Sip75Gey 25 buffer layer [its optical constants (n and k) are obtained from
the semiconductor archive website (30)] to fulfill the lattice matching
condition. Under this situation, the same Ge film only absorbs less than
10% of the incident light at 733 nm, as shown in Fig. 2E. The spatial
distribution of light absorption in this system is shown in Fig. 2F, with
the same color map in Fig. 2D, showing obviously weaker absorption
within the 20-nm-thick Ge film. Therefore, the foreign nanocavity sub-
strate can significantly enhance the optical absorption within the ultra-
thin crystalline film, which is highly desirable for optoelectronic devices.

Nanocavity-enhanced photodetector

The schematic of a nanocavity-enhanced photodetector device and its
optical microscopy image are shown in Fig. 3 (A and B, respectively).
We first fabricated this device and measured its performance under
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Fig. 2. Absorption results of ultrathin Ge nanomembrane on foreign substrate and its comparison with a traditional structure. (A) Schematic of ultrathin Ge (20 nm)
nanomembrane on the foreign substrate. (B and C) Absorption spectra (B) and the spatial distribution of the absorption (C) for the structure shown in (A). (D) Schematic
of a traditional epitaxial Ge on Sip75Geg s buffer layer/Si substrate. (E and F) Absorption spectrum (E) and the spatial distribution of the absorption (F) for the structure
shown in (D). The color bars in (C) and (F) use the same scale for direct comparison.

dark and illuminated conditions. Here, we placed a 17-nm-thick p-
type (gallium-doped) Ge nanomembrane on a 220-nm-thick AL, O/
Ag cavity and obtained an absorption peak at 733 nm (dotted line in
Fig. 2B), agreeing well with the theoretical prediction (solid line in Fig.
2B). The slight difference in Ge film thickness should be attributed to
the optical constant difference of this p-type Ge film. In particular, the
bottom Ag film serves a dual role of mirror and gate electrode for this
nanomembrane-based field-effect transistor device. By using nickel/
gold (Ni/Au) as the contact electrode, we realized an ohmic-like con-
tact for the photoconductor, as shown by the current-voltage (I-V)
sweep results in Fig. 3C. We repeated the I-V sweep under different
illumination intensities by tuning the monochromatic 733-nm light
source from 42 nW to 2.45 uW. All the I-V curves under the dark
and illumination conditions show nonlinear behavior, which is caused
by nonideal ohmic contacts (a potential barrier exists) of metal with
the ultrathin Ge. As Vg increases, more and more voltage will drop at
the metal/Ge interface, which makes the increase of the current non-
linear. The photocurrent (JAIpg|) at the bias of 1 V can be calculated by
the equation |AIpg| = |Ips — Igarl, where Ing is the drain-source current
under illumination and I, is the dark current. We then plotted the
photocurrent, |Alpg|, as the function of the incident power, P, illu-
minated on the ultrathin Ge layer (25 um x 50 um), as shown in the
inset of Fig. 3C. From the linear fitting of the photocurrent with the
illuminated power, we can extract the photoresponsivity (R) of this
device to be 0.17 A/W (that is, R = |Alpg|/Pinc)-

Stable and improved normalized photocurrent-to-dark
current ratio

One important figure of merit for metal-semiconductor-metal (MSM)
photodetectors is the normalized photocurrent-to—dark current ratio
[NPDR = (JAIps|/Igand)/Pinc] (31). A larger value of this parameter in-
dicates the better suppression of dark current without sacrificing the
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photoresponsivity. Considering the previously reported MSM photo-
detector based on Ge wafers (32), the highest reported NPDR, to our
knowledge, was 3158 mW . In contrast, under the bias of 1 V, the
NPDR of our device is in the range of 10* mW ™" (red dots in Fig.
3D), which is more than one order of magnitude higher than the pre-
vious work. Here, we first investigated the stability of the NPDR by
increasing the incident power, Pj,.. One can see that the NPDR of
our ultrathin Ge sample is relatively stable in the power range from
42 nW to 2.45 uW (Fig. 3D). For comparison, we also plotted the
NPDR of a previously reported 2D material device based on MoS,
(blue dots) (33). This device has an NPDR with a significant change,
from a value of 6.37 x 10* mW ™" at the low incidence power to 2.39 x
10> mW ™" (that is, one order of magnitude lower) when the incidence
power reaches the microwatts level (33). This drop was attributed to
the saturation of the trap states with increased light intensity. There-
fore, the stable NPDR of our nanocavity sample in the investigated
incidence power range demonstrates the high quality of the single-
crystalline Ge nanomembranes.

In addition to the stability of NPDR, the enhanced NPDR, compared
with one previously reported (32), can be attributed to two mechanisms.
The first one is the suppression of the dark current, Ig,y, introduced by
the ultrathin Ge film. To verify the suppression, we fabricated the
photoconductors with various Ge thicknesses and measured their dark
currents (see fig. S7). As shown in Fig. 3E, the dark current at the bias of
1 V decreases from the milliampere to nanoampere level as the Ge
thickness reduces from 350 to 20 nm. The marked drop of the dark cur-
rent when the thickness of Ge films decreases down to ~20 nm is caused
by the effect of depleted charges in ultrathin films (34). In general,
ultrathin Ge nanomembranes intrinsically bring about low absorption,
which limits the photocurrent, |Alpg|, and thus results in a relatively
small NPDR. By introducing the foreign nanocavity, however, the ab-
sorption will be significantly enhanced, corresponding to enhanced
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Fig. 3. I-V measurements of ultrathin Ge photodetector under both dark and illuminated conditions. (A) Schematic of an ultrathin Ge photodetector on a nano-
cavity. (B) Optical microscopy image of ultrathin Ge photodetector. Scale bar, 50 um. (C) I-V curves of the p-type Ge photoconductor under dark (black curve) and illu-
minated (colored curves) conditions. Inset: The photocurrent shows a linear relationship with the illuminated power. (D) Calculated normalized photocurrent-to-dark
current ratio (NPDR) with the illuminated power and its comparison with a MoS, photodetector. (E) Dark current of Ge membranes with different thicknesses (that is, 360,
300, 250, 75, 50, and 20 nm) under the bias of 1 V. (F) NPDR comparison between the Ge photodetectors with and without nanocavity structure (GeOl-based).

photocurrent, which is the second reason for the improved NPDR. To
better reveal the dependence of NPDR on absorption, we fabricated an-
other photodetector constituted by a GeOlI structure. The thickness of
the SiO, in the GeOI sample is 1 um (fig. S8). Because the thickness of
the Ge film is similar to that in the nanocavity sample (that is, 20 nm),
the dark currents of the two samples were suppressed to a similar level.
Figure 3F shows the comparison of NPDR between these two photo-
detectors. Under the same bias, one can see that the nanocavity sam-
ple delivers one order of magnitude higher NPDR (that is, ~4 x 10* mW ")
than that of the GeOI sample (~3 x 10> mW ). With respect to absorption,
the absorption in the Ge layer of the nanocavity sample is 81% (see Fig.
2B), which is also one order of magnitude larger than that of the GeOI
sample (6.1%, based on our simulation), demonstrating the contribu-
tion of the enhanced absorption to NPDR. Furthermore, the gate-
controlled performance of the phototransistors also takes advantage
of the high absorption, as will be analyzed in the next section.

Xia et al., Sci. Adv. 2017;3:e1602783 7 July 2017

Device physics

General electronic properties of the single-crystalline
nanomembrane transistor

To further interpret the electronic properties of the single-crystalline Ge
nanomembrane transistor, we then characterized the dark drain-source
current, |Ipg|, of the device with the 17-nm-thick Ge film (discussed in
Fig. 3) as the function of the gate voltage, Vs, under Vg of =1 V. As
shown by the dashed blue curve plotted in the log scale in Fig. 4A, the
ultrathin transistor shows ambipolar behavior. By extrapolating the
linear portion of the Ins-Vgs curve in the linear scale (red solid curve),
one can extract the threshold voltage of the transistor, V. Further-
more, one can estimate the hole field-effect mobility, ,,, using the equa-
tion wp = (L/ W)Cox Vg '(9Ips/0Vpg), where L and W are the Ge
nanomembrane channel length and width (that is, 25 and 50 um), re-
spectively, and C, is the gate capacitance per unit area of the Ge/AL,O5/
Ag system (that is, 3.647 x 10~° F/cm?), determined by the expression
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Cox = Eoxltox = Eo€ARO3 talz03. Here, €, is the vacuum absolute di-
electric constant (that is, 8.85 x 1072 F/m), €a1205 is the relative
AL, 05 dielectric constant [that is, 8.1 for the evaporated Al,O; layer
(35)], and tapo3 is the thickness of the Al,O; layer (that is, 220 nm).
As a result, the maximum p,, of this 17-nm-thick Ge membrane
transistor can be estimated to be ~148.1 cm® V™' S”" in the linear por-
tion when Vg varies from -5 to —7.5 V (as indicated by the black line in
Fig. 4A). This value is among the best reported results (36-41) due to
the single-crystalline material quality. Intriguingly, this nanocavity-
manipulated device has unique properties on its gate-controlled re-
sponses, as will be discussed next.

Gate-controlled photocurrent response

To reveal the gate-controlled optical response of this device, we then
swept the Vpg under different Vs in a steady optical incidence con-
dition of 140.8 mW/cm®. As shown in Fig. 4B, the photocurrent |Alp|
increases as Vg decreases from -2 to —6 V. In particular, when Vpg =
-1.5 V and Vg = —6 V, the photoresponsivity is 4.7 A/W, which is
27.6 times larger than the responsivity of 0.17 A/W under zero gate
voltage. This enhancement can be attributed to the photogating effect,
which plays a dominant role in many nanostructured devices, especially
in nanowires (42), quantum dots (43), and 2D material-based photo-
detectors (44). However, in most of the aforementioned devices, the
photogating effect relies on trap states in nanostructured materials, acting
as localized states in the photodetecting channel. The trap state-mediated
photogating effect limits the reproducibility of the photodetector
performance because the number of trap states cannot be controlled
precisely in the fabrication process. Moreover, the saturation of the

trap states under strong incident power usually resulted in decreased
gain (45).

In contrast, the photogating effect in our developed cavity-
manipulated ultrathin nanomembrane phototransistor is majorly due
to the high optical absorption and corresponding photogenerated car-
riers confined within the ultrathin Ge films. The high absorption at the
desired wavelength can be precisely controlled by tuning the thickness
of either the Ge or AL, Oj; layers. The absorbed photons generate carriers
confined in the Ge channel, therefore resulting in the improved photo-
conductivity. To reveal the photogating effect quantitatively [that is,
|AIps| = |Gm|AVTH (46), where AVry is the photon-induced change
of the threshold voltage], we then analyze the relation of the photo-
current, [Alpg|, with the device transconductance, |Gpy| (|G| = |0Ips/0Vs))s
which can be extracted from Fig. 4A, as shown in the lower panel of
Fig. 4C. Here, we swept the gate voltage Vs under Vpg at =1 V and
extracted |Alpg| resulted from AV under different optical illumina-
tion conditions, as shown by the curves in the upper panel of Fig. 4C
(fig. S9). One can see that these |Alpg|-Vgs curves are consistent with
the |Gpy|- Vs curve, confirming that the gate-controlled photocurrent
results from the photogating effect (46).

In addition, the photogating effect expression (that is, |AIps| =
|G| AVry) shows that with a given Vg, a bigger change of threshold
voltage, AV, leads to a larger photocurrent, |Alng|. To compare our
device with a typical phototransistor based on epitaxial-grown high-
quality III-V materials with similar photogating effects [for example,
see the study of Takanashi et al. (47), which does not rely on trap states
either], we extracted the AV of both devices in Fig. 4D. One can see
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Fig. 4. Measurements of ultrathin Ge phototransistor and its analysis. (A) Transfer curves (Vgs-Ips) of the ultrathin Ge transistor. (B) Photoresponsivity and Vps-Ips
curves of the ultrathin Ge phototransistor under the illumination power density of 140.8 mW/cm? The peak photoresponsivity is 4.7 A/W. (C) Top: Ultrathin Ge transistor
photocurrent (|Alps|) as a function of Vs under various power conditions: 3.36 (purple), 20.8 (green), 140.8 (orange), and 343.2 mW/cm? (red), respectively. Bottom:
Transconductance (|G,|) of ultrathin Ge transistors. (D) Comparison of threshold voltage change (AVry) of the ultrathin Ge phototransistor with that of the epitaxial-

based Ill-V phototransistor. The measured AVry values are obtained by subtracting

the threshold voltages extracted from the Vgs-Ips curves under the illuminated and

dark conditions (fig. S9). The solid curve is plotted using the empirical equation for AVq.

Xia et al., Sci. Adv. 2017;3:e1602783 7 July 2017

50f 8

/102 ‘9T AInr uo /Bio Bewaduslos saoueApe//:dny woly papeojumod


http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

that the AV values of our single-crystalline Ge membrane-based device
(red dots) are three orders of magnitude larger than those of the III-V
phototransistors (blue dots). According to the empirical equation that
describes the photogating-induced AVyy [that is, AVy = (nkT/q) %
In[1 + (NgPinc)/(Igarkhv)] by Takanashi et al. (47)], one can relate the
incident power (Py,.) with AVryy, as shown by the red curve in Fig. 4D.
Here, n is an empirical constant for fitting (1 = 8.94 obtained by the least
squares method), k is the Boltzmann constant (1.38 x 1072 J/K), Tis the
temperature (300 K), % is the Planck’s constant (6.63 x 107*J.s), and v
is the frequency of light (4.09 x 10"* Hz, corresponding to 733 nm). The
excellent fitting confirms that the large AV is contributed by the
strong absorption (1)) due to the nanocavity and the effective suppres-
sion of dark current (I,) owing to the ultrathin Ge channel. As a result,
the ultrathin Ge-based phototransistor can generate a stronger signal
than a traditional III-V-based device with a similar transconductance.
This enhanced photocurrent holds promise in improving the per-
formance of thin-film photodetectors, especially because pixels of sensor
arrays and imagers are increasingly miniaturized (48). Intriguingly, the
absorption enhancement resonance can be manipulated by controlling
the nanocavity structure, which will enable the development of new
multispectral sensing on the same chip.

Spectral response and tunability: The potential for
multispectral sensing on the same chip

In addition to its benefit in electrical properties, the ultrathin thickness
also provides a new optical functionality for multispectral sensing be-
cause its response exhibits strong spectral tunability. To demonstrate
this tunability, here, we fabricated a series of nanocavity-manipulated
photodetectors by changing the thickness of the Ge membrane on the
same 220-nm Al,O;/Ag cavity. Figure 5A shows the experimentally
measured light absorption spectra of these samples. As the thickness
of the Ge film increases from 6 to 40 nm, the wavelength of the absorp-
tion peak changes from 715 to 862 nm, agreeing very well with numer-
ical simulations (fig. S10). To demonstrate the spectrally tunable

A 10 Experimental results B
" | Ge thickness: 6 ~ 40 nm
0.8+
s
S 0.6 <
‘ 2
= ;
2 [
g 0.4 g
(7]
[
14
0.2
0.0

700 800 900 1000

Wavelength (nm)

600

photoresponse, we further measured the photocurrent spectra for three
photodetectors with their Ge thicknesses of 12, 17, and 26 nm, respec-
tively, as shown in Fig. 5B (see fig. S11 for the corresponding optical
microscopy images). Here, a supercontinuum laser coupled with a
monochromator was used as the light source. The photoresponsivity
of all devices was measured under the same bias voltage of 1 V. In
Fig. 5B, the simulated light absorption spectra are also plotted by solid
curves, showing excellent agreement with the measured photocurrent
responsivities (dots) and demonstrating the spectral tunability. There-
fore, a multispectral ultrathin Ge photodetector array is realizable by
transferring different crystalline Ge membranes onto the predesigned
nanocavity substrate.

DISCUSSION

In summary, we developed a nanocavity-enhanced single-crystalline
Ge nanomembrane photodetector. The fabrication processes success-
fully thinned down the Ge films to as thin as ~10 nm and maintained the
single-crystalline material quality of the nanomembranes. The photore-
sponsivity could reach up to 4.7 A/W, resulting from the enhanced ab-
sorption and gate modulation. Because of the significantly reduced
volume of the active material, the dark current was reduced significantly.
Along with the increased photocurrent due to the enhanced optical ab-
sorption within Ge nanomembranes, the NPDR as high as ~10° mW ™
was realized. The NPDR of our device also exhibited better stability under
stronger incident power than that of 2D material devices, mainly due to
the great material quality of the single-crystalline Ge nanomembranes.
Furthermore, by characterizing the gate-controlled performance, the
device physics of this ultrathin-film photodetector were analyzed,
showing obvious photogating effect. The enhanced absorption and
confinement of the carriers led to a large change of threshold voltage
and thus enhanced photoconductivity. By integrating the Ge mem-
branes (10 to 30 nm) with predesigned nanocavities, we demonstrated
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Fig. 5. Absorption measurements of ultrathin Ge sample with varying thickness (from 6 to 40 nm) on the same chip and the spectral photocurrent response.
(A) Absorption spectra measured by Fourier transform infrared spectroscopy of the ultrathin Ge sample. The peak wavelength becomes larger as the Ge nanomem-
brane thickness changes from 6 to 40 nm. (B) Left axis: Photoresponsivity (A/W) results of three different samples on the same 220-nm-thick Al,0s/Ag substrate. The

thicknesses of Ge films are (from top to bottom) 12, 17, and 26 nm, respectively.

Right axis: Simulated absorption spectra of these three samples, with the same

structure parameters mentioned above. The simulation is based on full-wave Maxwell’s equations.
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spectrally tunable thin-film phototransistors. Because of the com-
plementary metal-oxide semiconductor-compatible processes, the
proposed single-crystalline Ge membrane ultrathin-film transistors
can be fabricated over a large scale (for example, wafer scale), which
is superior to current 2D material-based optoelectronic devices and
can be a competitive building block for next-generation functional
electronic/optoelectronic circuits.

MATERIALS AND METHODS

We used the smart-cut process (49) to fabricate the GeOI. The process
started with a p-type (gallium-doped) 4-inch bulk Ge wafer. We ion-
implanted a uniform H" layer in the Ge wafer with a dose of 1 x
10" cm™ and an energy of 1.602 x 10™'* kgm>S > (fig. S1A). A H' peak
position was carefully designed at 700 nm from the Ge surface to acquire
a 400-nm-thick Ge layer after the exfoliating process. A 1-um-thick SiO,
layer on the Si wafer was obtained by thermal oxidation as the buried
oxide layer. Then, the Ge wafer was flipped over. The O, plasma was used
to clean both surfaces for bonding (shown in fig. S1B). The wafer bonding
process was performed using the EVG Wafer Bonding System (EV 801)
under the vacuum of 7 x 10~> mbar (fig. S1C). After that, a two-step, low-
temperature annealing at 200° and 250°C was carried out in a nitrogen-
filled oven to achieve the exfoliation of the Ge wafer (fig. SID). The
Ge membrane was very rough after the exfoliation, and a chemical-
mechanical polishing process was required to polish the Ge membrane
surface and thin down the Ge layer to the desired thickness (100 nm).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/3/7/e1602783/DC1

Supplementary Materials

note S1. Fabrication and characterization of the laboratory-made GeOl wafer.

fig. S1. Fabrication process flow of 4-inch GeOl and its finished sample.

fig. S2. Characterization of laboratory-made GeOl.

fig. S3. The GeOl sample used for the van der Pauw measurement.

fig. S4. Thickness measurement of the corresponding ultrathin Ge membranes in Fig. 1B by
AFM (XE-70 Park System).

fig. S5. Demonstration of the ultrathin Ge nanomembranes from laboratory-made GeOl to
foreign substrate.

fig. S6. Titled scanning electron microscopy images of the ultrathin Ge membranes transferred
onto foreign substrate.

fig. S7. Dark current measurements of different thicknesses of the Ge membrane sample.
fig. S8. The dark current and the photoresponse of the ultrathin GeOl sample.

fig. S9. Vis-Ips curve under the dark and different illumination conditions.

fig. $10. Simulated absorption spectra of ultrathin Ge nanomembranes on a 220-nm-thick
Al,05/Ag nanocavity substrate.

fig. S11. Optical microscopy images of the samples for multispectral response measurement.
table S1. Electronic properties of p-type GeOl sample.
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