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Abstract
Siloxene and germanane are two-dimensional (2D) direct-bandgap semiconductors that
hold  promise  for  a  range  of  applications,  including  photocatalysis,  electronics,  and
photodetectors  (PDs).  In  this  study,  we  explore  a  novel  direct  Z-scheme  2D-2D
siloxene/germanane  heterojunction  fabricated  via  wet-mixing self-assembly.  This
heterojunction exhibits superior light absorption compared with the individual nanosheets.
Notably,  when  employed  as  a  photoelectrode  material  for  photoelectrochemical  (PEC)
PDs,  it  shows  a  marked  photoresponse  across  the  365-980  nm  range,  with  a  peak
responsivity at 520 nm. Specifically, under 520 nm illumination, its responsivity surpasses
those  of  siloxene  and  germanane  nanosheets  by  factors  of  221.3  and  3.7,  respectively.
Remarkably, even at zero bias, it achieves a high photoresponsivity of 3.75 μA W-1 and a
detectivity of 1.3 × 108 Jones, demonstrating excellent self-powered performance. Owing to
its exceptional light sensitivity at 520 nm, the Z-scheme heterojunction is particularly well
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suited for the PEC photodetection of tartrazine, offering an ultralow detection limit of 0.3 pM and a broad linear
range  from  1  pM  to  1  μM  in  aqueous  media.  Overall,  this  research  highlights  the  considerable  potential  of  the
siloxene/germanane heterojunction for advanced optoelectronic applications, including high-performance PDs and
PEC sensors.

INTRODUCTION
In recent years, two-dimensional materials (2D) have attracted widespread attention due to their unique

properties and broad application prospects. 2D materials such as MXene, phosphorene, silicene, germanene

and transition metal dichalcogenides have been extensively used in optoelectronic devices, solar cells,

photoelectrochemical (PEC) sensors, and gas sensors
[1-5]

. They possess a large specific surface area, high

electron mobility, abundant active sites, and efficient carrier separation capabilities. Among these materials,

siloxene and germanane are particularly noteworthy for their excellent electronic and optoelectronic

properties
[6]

. They are derivatives of 2D silicene and germanene, both of which have a honeycomb-like 2D

structure similar to that of graphene. The difference is that the atoms in the honeycomb skeleton are not

coplanar, but adopt a buckled structure. Siloxene is composed of silicon, oxygen, and hydrogen atoms, with

hydrogen atoms and hydroxyl groups covalently bonded to the upper and lower surfaces of the honeycomb-

like silicene
[7]

; germanane is composed of germanium and hydrogen atoms, with hydrogen atoms covalently

bonded to the upper and lower surfaces of the honeycomb-like germanene framework
[8]

. Both siloxene and

germanane exhibit direct bandgap semiconducting properties and good visible-light absorption
[9]

. They also

possess abundant surface-active sites, high theoretical carrier mobility, and tunable bandgap structures,

rendering them suitable for transistors
[10,11]

, photodetectors (PDs)
[12,13]

, metal-ion batteries
[14-16]

, capacitors
[17,18]

,

electrochemical sensors
[19-23]

, as well as various photocatalytic and photoelectrocatalytic applications
[23-29]

.

However, the photoelectric performance of siloxene and germanane when used individually may be limited

by the recombination of photogenerated electrons and holes. Siloxene's wide bandgap (approximately

2.5 eV) restricts its absorption to ultraviolet and a limited range of visible wavelengths, while germanane's

narrower bandgap (about 1.59 eV) allows it to effectively absorb ultraviolet, visible, and near-infrared light
[9]

.

Modulating the properties of these 2D materials can enhance their performance and improve their

adaptability for diverse applications
[30-32]

. Constructing heterojunctions is an effective strategy for improving

photoelectric transport properties and enhancing device performance
[33-35]

.

Recently, Z-scheme heterojunctions have attracted considerable attention due to their ability to

simultaneously achieve efficient charge separation and strong redox capability
[36-38]

. In a Z-scheme system, the

photogenerated electrons in the conduction band of one semiconductor recombine with the holes in the

valence band of the other, leaving the electrons with stronger reducing power and the holes with stronger

oxidizing power at their respective sides
[39,40]

. This charge transfer pathway not only suppresses carrier

recombination but also preserves the maximum redox potentials for both reduction and oxidation reactions.

Various Z-scheme heterojunctions based on 2D materials, such as g-C
3
N

4
/MXene

[41]
, TiO

2
/MoS

2

[42]
, and

WO
3
/g-C

3
N

4

[43]
, have been reported for photocatalytic and PEC applications. However, to the best of our

knowledge, there have been no reports on the electronic and optical properties of siloxene/germanane

heterojunctions and their applications in optoelectronic devices.

PEC PDs and sensors are key components of advanced sensing technologies
[44,45]

. PDs convert light signals

into electrical signals, whereas PEC sensors employ light to drive electrochemical reactions, enabling the

detection of specific analytes. Both technologies are essential for the development of sensitive and efficient
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detection methods in areas such as food safety and environmental monitoring
[46-50]

. The presence of food

additives poses a significant public health concern. Traditional detection methods, such as ultraviolet-visible

(UV-vis) spectroscopy, fluorescence emission spectroscopy, high-performance liquid chromatography, and

gas chromatography, often suffer from drawbacks such as long reaction times, costly equipment, high

detection costs, and complex procedures
[51]

. Therefore, there is an urgent need for convenient, accurate, and

low-cost food safety detection methods. PEC sensors employ light as the excitation source and photocurrent

as the detection signal, offering rapid response, high sensitivity, low cost, and flexibility, and thus exhibiting

great promise for various applications
[52,53]

. As a key component of PEC sensors, the performance of

photosensitive materials plays a decisive role in determining the sensitivity, selectivity, and stability of the

sensor.

In this study, we prepared germanane nanosheets (GeNSs) and siloxene nanosheets (SiNSs) via liquid-phase

exfoliation using polyvinylpyrrolidone (PVP) as a surfactant, and subsequently assembled them into

GeNSs/SiNSs nanocomposites through liquid-phase assembly. The structural, electronic, and optoelectronic

properties of the resulting heterojunctions were systematically investigated through a combination of

theoretical calculations, materials characterization, and PEC measurements. Particular attention was paid to

the heterojunction formation mechanism, charge transfer dynamics, and the resulting photoresponse

performance. Furthermore, we explored the potential application of the GeNSs/SiNSs heterojunction as a

PEC photosensitive material for the detection of food additives, specifically tartrazine, as a model analyte.

This work aims to demonstrate the feasibility of constructing high-performance, self-powered PEC PDs and

ultrasensitive sensors based on 2D/2D germanane/siloxene heterojunctions.

EXPERIMENTAL
Preparation of layered 2D/2D GeNSs/SiNSs nanocomposites

GeNSs/SiNSs nanocomposites were prepared via wet-mixing self-assembly of few-layer GeNSs and SiNSs.

The resulting nanocomposites were designated H1, H2, and H3 for mass ratios of GeNSs to SiNSs of 1:9, 3:7,

and 1:1, respectively. The few-layer GeNSs and SiNSs were obtained through ultrasonic exfoliation assisted

by PVP solution. Germanane and siloxene were synthesized following the literature
[8,27]

. Detailed procedures

are provided in the Supplementary Materials.

Photoelectrochemical measurements

Photoelectrochemical measurements were performed at room temperature using an electrochemical

workstation equipped with a three-electrode cell. Illumination was provided by a 300 W xenon lamp and

monochromatic light at 365, 405, 520, 635, 750, 808, and 980 nm to irradiate the working electrode, and the

corresponding light intensities were designated as Level I, II, III, and IV [Supplementary Table 1]. Detailed

procedures are described in the Supplementary Materials.

PEC detection of tartrazine

A three-electrode system consisted of an Indium tin oxide (ITO)/GeNSs-SiNSs heterostructure electrode as

the working electrode, a Pt plate as the counter electrode and a saturated calomel electrode (SCE) as the

reference electrode. Under 520 nm light irradiation (Level III according to Supplementary Table 1), the blank

photocurrent (blank control group) of the ITO/GeNSs-SiNSs heterostructure electrode was measured in

40 mL of 0.1 M Na
2
SO

4
 under a bias potential of 0.3 V. Then, the electrode was immersed in tartrazine

solution (with 0.1 M Na
2
SO

4
 as the supporting electrolyte) for 10 min prior to measurement. The

photocurrent measurements were performed under the same applied bias and illumination conditions as

those for the blank control group. The photocurrent was recorded under pulsed light (20 s on/20 s off), and

the light power density was set to Level III according to Supplementary Table 1. After the measurement, the

electrode was taken out, rinsed with deionized water, and dried under nitrogen. The test conditions were
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Figure 1. Schematic diagram of preparation process of 2D/2D GeNSs/SiNSs nanocomposites.

kept unchanged, and the photocurrent response for the next different tartrazine concentration was

subsequently measured to obtain the correlation between photocurrent and tartrazine concentration. In

addition, stability measurements were conducted in 10
-11

 M tartrazine solution under 520 nm light (Level

III). A bias potential of 0.3 V was applied, and pulsed-light mode (5 s on/5 s off) was adopted for the test. All

the PEC experiments were performed at room temperature.

RESULTS AND DISCUSSION
2D/2D GeNSs/SiNSs nanocomposites were prepared by a facile ultrasonication-centrifugation process and a

liquid-phase assembly technique, as shown in Figure 1. The results of atomic force microscopy (AFM)

characterization show that the thickness of GeNSs ranges from 3.5 to 4 nm [Supplementary Figure 1A], while

the thickness of SiNSs ranges from 1.5 to 2 nm [Supplementary Figure 1B], indicating that the exfoliated

nanosheets are few-layer nanosheets; notably, the size of GeNSs is apparently larger than that of SiNSs. The

Fourier transform infrared (FTIR) spectra [Supplementary Figure 1C] indicate that GeNSs/SiNSs

nanocomposites exhibit clear main characteristic peaks of pure germanane and siloxene. Raman spectra

[Supplementary Figure 1D] also indicate that all characteristic Raman peaks of both germanane and siloxene

can be observed in GeNSs/SiNSs nanocomposite samples.

Supplementary Figure 1E shows the crystal structure of GeNSs/SiNSs nanocomposites. Due to the

amorphous nature of siloxene
[17,18,25,54]

, no obvious diffraction peaks of siloxene were observed in the

GeNSs/SiNSs composite, while the characteristic diffraction peaks of germanane are clearly displayed in the

GeNSs/SiNSs composite. However, the difference is that the peak position at around 15° representing the

interlayer spacing of germanane varies slightly. This is because SiNSs and GeNSs are stacked together,
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Figure 2. (A-C) SEM images of (A) SiNSs, (B) GeNSs and (C) H2 nanocomposites; (D) TEM image of H2 nanocomposites, (E) HRTEM of
H2 nanocomposites; (F) HRTEM image of the dark blue circle in (E), inset is the corresponding fast Fourier transform (FFT) pattern; (G)
HRTEM image of the yellow circle in (E), inset is the corresponding fast Fourier transform (FFT) pattern. (H-K) STEM image of the
GeNSs/SiNSs composites (H) with its corresponding EDS elemental mapping of (I) O, (J) Si, and (K) Ge elements.

resulting in a change in the interlayer spacing of the composites. The X-ray diffraction, FTIR, and Raman

results demonstrate that in GeNSs/SiNSs composites, GeNSs and SiNSs are physically stacked together via

van der Waals interactions.

Figure 2A and B show scanning electron microscope (SEM) images of SiNSs and GeNSs obtained by

exfoliation. The average size of SiNSs is about 365 nm, while that of GeNSs is about 574 nm, and the size

distribution of SiNSs is relatively more uniform, whereas the overall size of GeNSs is larger than that of

SiNSs. After the assembly of GeNSs and SiNSs, a three-dimensional stacked structure is formed, as shown in

Figure 2C. Because the transmission electron microscope (TEM) morphology of GeNSs and SiNSs is very

similar, it is difficult to clearly distinguish them based solely on morphology [Figure 2D]. Through the high-

resolution TEM (HRTEM) characterization of the nanosheets in the dark blue dotted circles [Figure 2E],

clear lattice fringes and amorphous structures can be observed, respectively.
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The lattice fringes are characteristic of GeNSs, and the amorphous regions are characteristic of SiNSs, which

is consistent with the fast Fourier transform (FFT) patterns (insets in Figure 2F and G). Scanning

transmission electron microscope (STEM) [Figure 2H] and TEM elemental mapping images [Figure 2I-K]

show that Si and Ge are evenly distributed, and their distributions mostly overlap, with Ge covering almost

all areas of the composite material. Combined with the characterization results of HRTEM and FFT, it is

shown that the relatively small SiNSs are covered or wrapped by the larger GeNSs, forming a tightly stacked

assembly. As is well known, the formation of heterojunctions helps to improve the transport efficiency and

separation of charge carriers
[34,55,56]

.

To investigate the surface composition and chemical state of the heterostructure, we conducted X-ray

photoelectron spectroscopy (XPS) characterization, as shown in Figure 3. The XPS survey spectra for the

heterostructure shown in Figure 3A confirmed the presence of Ge, Si, and O, consistent with the results

obtained from energy dispersive spectrometry (EDS) mapping. The high-resolution Ge 3d XPS spectrum of

GeNSs in Figure 3B revealed four peaks at 28.39, 28.91, 29.54, and 30.76 eV. The peak at 28.39 eV

corresponds to Ge-Ge bonds in elemental Ge
[57]

. The peaks at 28.91 and 29.54 eV are attributed to the Ge

3d5/2 and Ge 3d3/2 components of GeNSs
[58]

, respectively. The weaker peak at 30.76 eV is likely due to Ge-O

bonds resulting from the surface oxidation of GeNSs
[14]

. For SiNSs, the Si 2p XPS spectrum in Figure 3C was

deconvoluted into two peaks at 99.9 and 103.2 eV, representing Si-Si and Si-O bonds, respectively. Notable

shifts in the binding energies of the Ge 3d and Si 2p peaks were observed for the heterostructure, as shown in

Figure 3B and C. All Si 2p peaks in the heterostructure shifted markedly to lower binding energies compared

with those of SiNSs, while the Ge 3d peaks shifted to higher values than those in GeNSs. This shift indicates

electron transfer from GeNSs to SiNSs, evidencing a strong interaction between the two components within

the heterostructure. This interaction may facilitate the separation and transfer of electron-hole pairs
[55,59,60]

.

The O 1s XPS spectra of the GeNSs/SiNSs heterostructure [Figure 3D] were fitted to four peaks at 530.8,

531.6, 532.2, and 533.0 eV. The peaks at 532.2 and 533.0 eV are assigned to Si-O bonds and the surface

oxygen from hydroxyl groups, respectively, originating from SiNSs. The peak at 530.8 eV corresponds to Ge-

O bonds from GeNSs. Importantly, the peak at 531.6 eV, originating from both GeNSs (531.5 eV) and SiNSs

(531.76 eV), corresponds to adsorbed oxygen species, indicating the presence of oxygen vacancies in both

materials, as confirmed by our previous work
[27]

. These oxygen vacancies could enhance the separation of

photoexcited charge carriers and extend the light response into the visible and near-infrared regions (NIR),

thus improving photoreactivity
[61,62]

. Additionally, we observed positive shifts in the O 1s binding energies for

GeNSs and negative shifts for SiNSs within the heterostructure, consistent with the shifts in the binding

energies of Ge 3d and Si 2p. This further corroborates the formation of the GeNSs/SiNSs heterostructure

with strong interaction between the two components
[35]

.

Figure 3E presents the UV-vis-NIR spectra of pure GeNSs, SiNSs, and GeNSs/SiNSs heterojunctions H1, H2,

and H3. SiNSs exhibit an absorption onset at around 476 nm, whereas GeNSs show broad light absorption

across the UV, visible, and even NIR regions, with enhanced absorption between 400 and 700 nm. The

incorporation of GeNSs into SiNSs extends the absorption range from nearly 500 nm to over 800 nm, with

enhanced absorption intensity in the visible region, attributed to the synergistic effect between SiNSs and

GeNSs
[63 ,64]

. The increase in photoexcited charge carriers was further demonstrated by subsequent

photocurrent measurements. Figure 3F displays the classical Tauc plots, revealing band gaps of 2.60 eV for

SiNSs and 1.66 eV for GeNSs, which are in close agreement with reported values
[12,25,65]

.

To assess the photoresponse performance, SiNSs, GeNSs, and heterojunctions H1, H2, and H3 were

fabricated into photoelectrodes, and their PEC properties were evaluated in a three-electrode system with

0.5 M Na
2
SO

4
 as the electrolyte. The transient photocurrent responses were measured under full-spectrum
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Figure 3. XPS spectra of germanane, siloxene and GeNSs/SiNSs heterostructure. (A) Survey spectra, (B) Ge 3d, (C) Si 2p and (D) O 1s. (E)
UV-vis-NIR absorption spectra of GeNSs, SiNSs, and GeNSs/SiNSs H1, H2, and H3. (F) Tauc plot diagram of GeNSs and SiNSs.

illumination from a 300 W xenon lamp at an applied voltage of 0.6 V. As illustrated in Figure 4A, the

photocurrent densities of SiNSs and GeNSs were 0.23 and 1.6 μA cm
-2

, respectively. When GeNSs were

introduced into SiNSs to form a composite material, photocurrent densities for mass ratios of 1:9, 3:7, and
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Figure 4. (A) Photoresponse behavior of SiNSs, GeNSs, and nanocomposites of H1, H2, and H3 under a 300 W xenon lamp irradiation at a
bias voltage of 0.6 V; (B) Electrochemical impedance spectra (EIS) of SiNSs, GeNSs, H1, H2, and H3; (C) photoluminescence (PL) spectra
of SiNSs, GeNSs, H1, H2, and H3. (D-I) Wavelength-dependent photoresponse of (D) SiNSs, (E) H1, (F) H2, (G) H3, and (H) GeNSs at
Level III at a bias voltage of 0.6 V. (I) Photocurrent densities and photoresponsivities of SiNSs, H1, H2, H3, and GeNSs-PDs under various
monochromatic light wavelengths at Level III under a bias potential of 0.6 V.

1:1 were 0.6, 7.72, and 6.64 μA cm
-2
, respectively. This indicates that the photocurrent density (P

ph
) increases

with the proportion of GeNSs, reaching a maximum at the 3:7 ratio, and then decreases. This is attributed to

the enhanced transport efficiency of photogenerated charge carriers due to the formation of the

heterojunction. The optimal ratio of 3:7 yielded the maximum P
ph

, substantially exceeding those of the

individual SiNSs and GeNSs. This is because when the GeNSs content is low, the number of photoactive sites

is insufficient. When the ratio reaches 3:7, the distribution of GeNSs on SiNSs achieves an optimal balance,

which favors light absorption, exciton dissociation, and charge carrier transport. Further increasing the

GeNSs content may lead to agglomeration and an increase in recombination centers, thereby reducing the

photocurrent. Electrochemical impedance spectroscopy (EIS) results [Figure 4B] showed that the H2

composite exhibited the smallest semicircle diameter, confirming accelerated electron transfer in the

GeNSs/SiNSs heterojunction and indicating a well-formed interface between the two materials.

Photoluminescence (PL) spectra were employed to investigate the recombination and separation behaviors

of photogenerated charge carriers. As depicted in Figure 4C, SiNSs exhibited strong emission arising from

high recombination rates of photoexcited charge carriers. The introduction of GeNSs resulted in evident PL

                                                                                           



Liu et al. Microstructures 2026, 6, 20260123 Page 9 of 19

quenching in the GeNSs/SiNSs heterojunctions, with H2 showing the lowest PL intensity, indicating the

most effective separation of electron-hole pairs and suppressed recombination due to efficient

heterostructure formation.

To further investigate the photoresponse characteristics of the heterostructure nanocomposites, we used

seven monochromatic light sources with wavelengths ranging from 365 to 980 nm to assess the PEC

responses of SiNSs, GeNSs, and the three nanocomposites. The four different power densities for each light

source are listed in Supplementary Table 1. The photoresponse of the various electrodes was first compared

at a 0.6 V bias under Level III conditions. Figure 4D-I shows that SiNSs displayed apparently lower

photocurrent densities compared to GeNSs and the three composites due to strong carrier recombination

[Figure 4I]. At 365 nm, SiNSs exhibited a peak P
ph

 and photoresponsivity (R
ph

) of 0.24 μA cm
-2

 and

2.12 μA W
-1

, respectively, with values diminishing as the wavelength increased, and no photocurrent was

detected above 750 nm [Figure 4D]. This finding is consistent with the wide band gap and limited light

absorption of SiNSs. Conversely, GeNSs and all composites demonstrated a broad photoresponse from 365

to 980 nm. Notably, GeNSs and the composites achieved their highest photocurrent densities and

responsivities under illumination at 520 nm, in agreement with their UV-vis spectra, which show the

strongest absorption peak between 500-600 nm.

Through comparison, we found that the P
ph

 and R
ph

 of the composite H1 (i.e., the mass ratio of GeNSs to

SiNSs is 1:9) at different wavelengths are generally higher than those of SiNSs but lower than those of GeNSs.

The P
ph

 of H2 (mass ratio of 3:7) and H3 (mass ratio of 1:1) are pronouncedly higher than those of GeNSs

and SiNSs, initially increasing and then decreasing with increasing GeNSs content in the composite. This

behavior may be attributed to the insufficient heterojunction interface at low GeNSs proportions, resulting in

limited improvement in photoelectric performance. As the GeNSs content increases, the enlarged

heterogeneous contact interface between GeNSs and SiNSs facilitates the formation of a well-developed

heterostructure, leading to a substantial increase in P
ph

. Under 520 nm illumination, the H2 composite

exhibits the highest P
ph

 and R
ph

 among all samples, reaching 1.83 μA cm
-2

 and 15.49 μA W
-1

, respectively.

These values are approximately 221.3 t imes and 3.7 t imes higher than those of pristine SiNSs

(R
ph

 = 0.07 μA·W
-1
) and GeNSs (R

ph
 = 4.18 μA·W

-1
), respectively. This evident enhancement indicates that the

H2 composite forms an effective van der Waals heterojunction through intimate interfacial contact between

GeNSs and SiNSs.

The enhancement of the broad spectral response over the 365-980 nm range of the composite material by the

heterostructure is consistent with the results of subsequent theoretical calculations. In addition, the

detectivity of GeNSs at the maximum P
ph

 wavelength of 520 nm (Level III) is 4.4 × 10
7
 Jones, whereas that of

the H2 composite at this wavelength reaches 1.25 × 10
8
 Jones, and that of SiNSs at 520 nm is 3.16 × 10

6
 Jones.

Even at 365 nm (Level III), whereas SiNSs exhibit their highest P
ph

, its detectivity is only 8.65 × 10
7
 Jones.

This indicates that the formation of heterojunction not only enhances the P
ph

 but also reduces the dark

current. Notably, at 0 V, the responsivities of H2 at 365, 405, 520, 635, 750, 808, and 980 nm (Level III) are

1.69, 1.21, 3.75, 2.34, 0.92, 0.38, and 0.05 μA W
-1
, respectively, and the detectivities are 7.0 × 10

7
, 4.95 × 10

7
, 1.3

× 10
8
, 9.1 × 10

7
, 3.7 × 10

7
, 1.6 × 10

7
, 2.1 × 10

6
 Jones, respectively, demonstrating excellent self-powered

broadband light detection performance (Supplementary Figure 2, under 0 V conditions, the potential

difference between the working and counter electrodes arises spontaneously from electrode reactions rather

than from an external power source). These performance values surpass those of reported 2D materials and

heterojunctions, including GeH
[12]

, BP
[66]

, WS
2

[67]
, 2D Te nanosheets

[68]
, 2D Bi

[69]
, 2D Se

[70]
, 2D InSe

nanosheets
[71]

, SnS
2
/graphene

[72]
, and WS

2
-TiO

2

[73]

,
 as shown in Supplementary Table 2.
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Under 520 nm illumination, the photoresponse test results of the H2-based PD (H2-PD) under different bias

voltages [Supplementary Figure 3] show that P
ph

 increases with increasing bias voltage, indicating that a

higher bias potential can further improve the photoresponse performance of H2-PD. This is because

applying a bias voltage to the working electrode induces potential differences within the material, which

promote the separation of photogenerated holes and electrons and increase the carrier concentration,

resulting in a marked rise in P
ph

 with bias voltage.

The intensity of incident light notably impacts the performance of PDs. To further investigate the

photoresponse behavior of the heterojunctions, we evaluated the photocurrent response of H2 at various

light power densities. As illustrated in Supplementary Figure 4A and B, the P
ph

 increases with power density

under both 0.6 and 0 V bias for all tested wavelengths of illumination. Supplementary Figure 4C and D

depict the relationship between P
ph

 and optical power density (Pλ) for different wavelengths, revealing that

P
ph

 rises with increasing Pλ across all wavelengths. This suggests that the heterostructure-based self-powered

PD can accurately detect light of varying intensities from ultraviolet to near-infrared wavelengths in practical

applications.

In contrast to the relationship between P
ph

 and Pλ, the R
ph

 decreases as Pλ increases, as demonstrated in

Supplementary Figure 4E and F. This decline is attributed primarily to saturation of defect states on the

heterojunction's surface at higher Pλ, which increases the recombination probability of electron-hole pairs
[74]

.

Consequently, higher R
ph

 is achieved at lower Pλ. The P
ph

 and R
ph

 of H2-PD at 520 nm are markedly higher

than at other wavelengths, reflecting the enhanced light absorption of the H2 heterojunction in this specific

band. Under 520 nm illumination at a power density of 42.4 mW cm
-2
 (Level I), the maximum R

ph
 of H2-PD

was 2.9 and 28.6 μA W
-1

 at 0 and 0.6 V, respectively, demonstrating excellent sensitivity to green light.

Additionally, H2-PD exhibited good self-powered cycling stability over 3,000 s [Supplementary Figure 5].

Interestingly, the photocurrent did not decay monotonically: it slightly increased during the initial cycles,

followed by a gradual decline upon prolonged operation. This behavior arises from the competition between

initial trap-state passivation (e.g., oxygen vacancies at the heterojunction interface) that temporarily

enhances charge separation, and subsequent surface degradation caused by electrolyte ion adsorption and

mild structural reorganization, which together limit long-term stability to 75% retention after 3,000 s.

To further examine the transport characteristics of photogenerated carriers in the GeNSs/SiNSs

heterojunction, we measured the energy level structures of GeNSs and SiNSs. Figure 5A and B show the flat

band (E
fb
) potentials vs. SCE (vs. E

SCE
) of GeNSs and SiNSs as -1.11 and -1.0 V, respectively, obtained through

Mott-Schottky measurements with a SCE as a reference. The E
fb
 values vs. the normal hydrogen electrode

(NHE) (vs. E
NHE

) were calculated to be -0.87 and -0.76 V, respectively, using E
NHE

 = E
SCE

 + 0.2412. Typically,

the flat band potential (vs. E
NHE

) is approximately 0.1 V more positive than the conduction band minimum

(CBM) for an n-type semiconductor
[75]

. Accordingly, the conduction band edge positions (E
CB

) of GeNSs and

SiNSs were -0.97 and -0.86 V, respectively. By combining these with the band gap values, the full energy

band positions of GeNSs and SiNSs were obtained, as shown in Figure 5C. This indicates that when GeNSs

and SiNSs are in contact, either a direct Z-scheme heterojunction or a type-II heterojunction may form,

effectively promoting the separation of photogenerated electrons and holes, thereby enhancing the

photocurrent response and providing insight into the mechanism by which the GeNSs/SiNSs heterojunction

improves PD performance
[76,77]

.

Tartrazine, an azo-type acidic dye commonly used as a food additive, can pose health risks when consumed

in excess. To evaluate the analytical performance of the GeNSs/SiNSs-based PEC sensor, we measured the

photocurrents of the H2 electrode in various tartrazine concentrations with 0.1 M Na
2
SO

4
 as the supporting

electrolyte (see the Section “EXPERIMENTAL” for detailed experimental procedures). Pulsed light
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Figure 5. (A) Mott-Schottky curve of GeNSs; (B) Mott-Schottky curve of SiNSs; (C) Energy level structures of GeNSs and SiNSs. (D)
Photocurrent responses of the electrode with different concentrations of tartrazine under 520 nm illumination (Level III) and a bias
potential of 0.3 V. (E) Photocurrent responses of the electrode with tartrazine concentrations of 10-12, 10-11, 10-10, 10-9, 10-8, and 10-6 M. (F) A
scatter plot and fitted line of photocurrent vs. log of tartrazine concentration.

irradiation was applied with a fixed period of 20 s light on followed by 20 s off; the light power density was

kept constant at Level III as defined in Supplementary Table 1. As shown in Figure 5D and E, under 520 nm

illumination (Level III) and a bias potential of 0.3 V, the photocurrent of H2 increased with higher tartrazine

concentrations. This enhancement results from the direct oxidation of tartrazine by photogenerated holes in

the valence band of SiNSs, which reduces recombination of electron-hole pairs, and allows greater

accumulation of free electrons in the conduction band of GeNSs. The increase in photocurrent can then be

measured as a function of tartrazine concentration. A strong linear relationship was observed between the

logarithm of tartrazine concentration (10
-12

-10
-6
 M) and the photocurrent change (ΔI), described by the linear

fitting equation: ΔI = 1.18422 + 0.09453lgc (R
2
 = 0.957) [Figure 5F]. The linear detection range spanned from

1 pM to 1 μM, with a limit of detection (LOD) estimated at 2.97 × 10
-13

 M (~0.3 pM). Beyond this range, at

tartrazine concentrations ≥ 10
-4
 M, the photocurrent increase deviates from linearity due to surface saturation

and Langmuir-type adsorption behavior, where the active sites on the electrode become fully occupied,

al ter ing  the  charge-transfer  mechanism  and  interfacial  e lectr ic  f ie ld.  As  summarized  in

Supplementary Table 3, compared with other reported tartrazine sensors (including electrochemical,

fluorescence, and PEC sensors), our PEC sensor achieves a remarkably lower LOD (0.3 pM) than most

existing sensors, benefiting from the efficient Z-scheme charge separation and the strong photoresponse at

520 nm, which matches the absorption band of tartrazine. Additionally, the sensor exhibited excellent

stability over ten on-off irradiation cycles [Supplementary Figure 6], highlighting its promise for practical

applications in environmental and food safety monitoring.

The electron transfer mechanism of the GeNSs/SiNSs heterojunction was further analyzed using techniques

including electron paramagnetic resonance (EPR) and in situ XPS. EPR results [Figure 6A and B] show that

under illumination, both •O
2

-
 and •OH radicals exhibit evident signals in the H2 heterojunction, ruling out

                                                                                                 

https://file.oaecenter.com/published/pdf/7a9c16d9cbf0a5189ab5c4921abaac3b/1789462325/microstructures6057-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/7a9c16d9cbf0a5189ab5c4921abaac3b/1789462325/microstructures6057-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/7a9c16d9cbf0a5189ab5c4921abaac3b/1789462325/microstructures6057-SupplementaryMaterials.pdf


Page 12 of 19 Liu et al. Microstructures 2026, 6, 20260123

Figure 6. (A) EPR results for •O2
- of H2 heterojunction under dark and Xe lamp light (30 and 60 min); (B) EPR results for •OH of H2

heterojunction under dark and light (30 and 60 min). (C-F) The in situ high-resolution XPS spectra for H2 heterojunction under dark and
Xe lamp light: (C) Si 2p, (D) Ge 3d, (E) O 1s. (F) Partial enlarged view of (E).

the type-II mechanism (under which the valence band position is insufficient to generate •OH). The Z-

scheme mechanism is more consistent with the radical generation characteristics of this system: after

photogenerated electrons and holes recombine at the heterointerface, they retain highly reductive electrons

and highly oxidative holes, respectively, effectively driving O
2
 reduction and H

2
O oxidation processes. The

peak-fitted in situ XPS spectra [Figure 6C-F] show that under illumination, the Si 2p binding energy

increases while the Ge 3d binding energy decreases, indicating that photogenerated electrons flow from Si to

Ge, consistent with the Z-scheme charge transfer pathway. The shift behavior of the O 1s peak is fully

coordinated with the changes in the Ge 3d and Si 2p peaks. The characteristic peak of Ge-O (530.8 eV) shifts

toward lower binding energy after illumination, while the characteristic peak of Si-O (532.6 eV) shifts

positively, in complete agreement with the changes in electron density of GeNSs and SiNSs. The interfacial

adsorbed oxygen (O
ads

) peak at 531.95 eV, originating from oxygen vacancies, shows only a minor change in

intensity after illumination, further ruling out surface oxidation interference induced by light and

demonstrating that the shifts in orbital binding energies are dominated by photogenerated carrier

recombination rather than surface chemical oxidation.

Combining the above EPR and in situ XPS evidence, the PEC sensing mechanism of the GeNSs/SiNSs

heterojunction for tartrazine detection is schematically illustrated in Figure 7A and can be described as

follows. In this Z-scheme heterojunction system, upon light irradiation, the photogenerated electrons in the

conduction band of SiNSs recombine with the photogenerated holes in the valence band of GeNSs through

the heterointerface, leaving highly reductive electrons in the conduction band of GeNSs and highly oxidative

holes in the valence band of SiNSs. The EPR results confirm the coexistence of •O
2

-
 and •OH radicals, which

is characteristic of the Z-scheme mechanism rather than the type-II mechanism. When the target molecule

tartrazine (an electron donor) is present in solution, it is preferentially oxidized by the strongly oxidizing

holes accumulated in the valence band of SiNSs. This process effectively suppresses the recombination of

photogenerated carriers, leading to an increased electron density in the conduction band of GeNSs, which
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Figure 7. (A) Schematic diagram of the energy level structure of GeNSs/SiNSs Z-scheme heterojunction and the mechanism of detecting
tartrazine. (B and C) The structure of germanane/siloxene heterostructure with clearly labeled x-, y-, and z-axes: (B) Top view, (C) Side
view.

macroscopically manifests as a marked increase in photocurrent. The photocurrent increment (ΔI) exhibits a

good linear relationship with the tartrazine concentration in the range of 1 pM to 1 μM, enabling highly

sensitive detection of tartrazine.

THEORETICAL ANALYSIS
To gain a deeper understanding of the electron transfer mechanisms in GeNSs/SiNSs heterojunctions, we

simulated a van der Waals (vdW) heterostructure by constructing a thermodynamically favorable structure

of a germanane/siloxene heterobilayer, where the germanane and siloxene frameworks are stacked in an AB

stacking
[78 ,79]

, as shown in Figure 7B and C. To determine the most stable stacking structure of the

heterobilayer, we systematically calculated the binding energy of the heterostructure with interlayer distances
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Figure 8. The optical properties of the germanane/siloxene heterostructure. (A) Calculated energy curve of germanane/siloxene as a
function of interlayer distance. (B and C) represent the optical absorption coefficient α of the isolated germanane and siloxene layers and
the germanane/siloxene heterostructure in the x and y directions, respectively. (D) Comparison of the optical absorption coefficient α of
germanane/siloxene in the x and y directions.

ranging from 3.0 to 7.0 Å. The calculation results confirm that the heterobilayer achieves the lowest binding

energy and optimal thermodynamic stability at an interlayer distance of 5.3 Å [Figure 8A]. This

heterostructure is a direct bandgap semiconductor, similar to the germanane and siloxene monolayers, but

has a smaller bandgap (1.898 eV) than those of the individual monolayers [Supplementary Figure 7A-C],

suggesting that electron excitation from the valence band maximum (VBM) to the CBM in the

heterostructure occurs more easily under visible light irradiation compared to the monolayers. The total

density of states reveals that the CBM of the heterojunction is primarily composed of states from the

germanane layer, while the VBM is contributed by states from the siloxene layer [Supplementary Figure 7D].

Therefore, the electrons and holes in the germanane/siloxene heterojunction are distributed in the

germanane and siloxene layers, respectively, which facilitates the separation of electrons and holes.

The calculations of optical properties indicate slight differences in the light absorption coefficients of the

siloxene monolayer and the heterostructure in the x and y directions [Figure 8B and C]. However, the light

absorption coefficient curves for the bilayer heterojunction in the x and y directions nearly overlap

[Figure 8D], indicating that the light absorption capacity of the bilayer heterojunction is nearly consistent
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across different directions. In comparison to the monolayers of germanane and siloxene, the light absorption

range of the heterojunction encompasses the combined absorption ranges of both, with a pronouncedly

enhanced light absorption intensity, especially in the ultraviolet region. This computational result

theoretically explains the mechanism behind the marked improvement in the photoelectric performance of

the GeNSs/SiNSs heterojunction, demonstrating that the enhanced light absorption of the heterostructure is

more suitable for optoelectronic devices.

CONCLUSIONS
In conclusion, we successfully constructed direct Z-scheme 2D-2D GeNSs/SiNSs heterojunctions for the first

time, which demonstrate potential for self-powered, broadband-response, and high-sensitivity PEC PDs. The

formation of these direct Z-scheme heterojunctions substantially enhances the separation of photogenerated

electrons and holes, thereby improving the redox capability of the composite materials and consequently

boosting the photocurrent response. Furthermore, the heterojunctions effectively extend the light absorption

range of SiNSs, enabling a broader spectrum of light detection. The optimal mass ratio of GeNSs to SiNSs

was determined to be 3:7, which yielded superior performance compared with pure GeNSs and SiNSs.

Notably, the PEC PD based on the GeNSs/SiNSs heterojunction exhibited the strongest light response at 520

nm and also demonstrated its capability as a PEC sensor for detecting the common azo food additive

tartrazine. This sensor showcased a wide linear detection range for tartrazine concentration along with an

ultra-low detection limit, underscoring the considerable application potential of GeNSs/SiNSs

heterojunctions in high-sensitivity and low-detection-limit PEC sensors. Although the present data were

collected from three representative mass ratios, we acknowledge that a more detailed compositional series

would be necessary to pinpoint the exact optimum. Future work could combine systematic TEM-EDS

mapping and local photocurrent measurements to directly correlate the spatial distribution of GeNSs and

SiNSs with the photoresponse at the nanoscale, thereby providing direct experimental verification of the

optimal distribution and the role of heterointerface density.
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