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ABSTRACT

We report forward bias and temperature-dependent low-frequency (LF) noise characteristics of waveguide-integrated Ge-on-Si p–i–n
photodiodes across three architectures: doped-Si lateral, doped-Ge and doped-Si lateral, and vertical heterojunctions. Forward I–V mea-
surements and activation energy analysis reveal mixed Shockley–Read–Hall recombination and diffusion transport below 0.4 V, with
transport ratios evolving more gradually with temperature in vertical devices than in lateral devices. At room temperature, the noise
spectra exhibit broad generation-recombination (G–R) features near V ¼ 0:2 V, aligning with the transition from G–R-dominated
(SI � I2 for V � 0:2 V) to diffusion-limited (SI � I for 0:2V � V � 0:5V) current noise. Technology computer-aided design simula-
tions indicate that in lateral devices the defect-rich Ge/Si interface lies within the depletion region, where interface traps strongly
enhance G–R noise. In vertical devices, the Ge/Si interface is located outside the depletion zone, so the noise response is dominated by
bulk Ge traps. Temperature-dependent measurements reveal a smooth transition from G–R noise below 300 K to diffusion-type flicker
noise at higher temperatures. Notably, normalized noise SI=I2 peaks around 300 K in lateral devices, marking a crossover in dominant
noise mechanisms. Observed increases of low-temperature noise after total-ionizing-dose irradiation in lateral devices result from the
electrostatic activation of traps within the narrow depletion region, whereas the increase of forward current originates mainly from radia-
tion-induced additional leakage paths. These results establish LF noise spectroscopy as an effective tool for probing interfacial defect
dynamics in Ge-on-Si photodiodes.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0287589

I. INTRODUCTION

Integrated silicon photonics has emerged as a transformative
platform for next-generation optical communication, offering high
bandwidth, energy efficiency, and dense integration compared to
conventional electronic interconnects.1–5 Within this ecosystem,
waveguide-coupled germanium (Ge)-on-silicon (Si) p–i–n pho-
todiodes (PDs) serve as critical components, enabling efficient
optical-to-electrical signal conversion at telecommunication

wavelengths.6–11 Beyond terrestrial optical communication systems,
Ge-on-Si photodiodes also hold promise for space applications.12–15

However, the heterogeneous integration of germanium on silicon
introduces material quality challenges that can compromise device
performance and stability. The 4.2% lattice mismatch between Ge
and Si introduces strain-induced interface defects and threading
dislocations, while thermal budget constraints and oxide interface
quality (Ge/SiO2 and Si/SiO2) can result in higher densities of
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active trap centers inside and along active regions of devices.16–19

These defects can lead to elevated dark current, degraded responsiv-
ity, and increased variability, ultimately limiting yield and long-term
reliability.20–24 With the growing deployment of advanced
germanium-based photonic devices, such as GeSi electro-absorption
modulators25,26 and Ge-on-Si avalanche photodiodes,27 the need for
sensitive, non-destructive tools to diagnose defect properties becomes
increasingly critical. Low-frequency (LF) 1=f noise spectroscopy is a
powerful tool to study material quality, carrier trapping-detrapping
kinetics, transport mechanisms, and reliability of opto-electronic
devices.28–38 Although extensive studies have characterized 1=f noise
in Schottky diodes39,40 and p–(i)–n junction-based devices,41–49 the
LF noise behavior of waveguide-integrated Ge-on-Si PDs remains
largely unexplored, with prior work focusing only on reverse-bias
conditions at room temperature.50,51

In this work, we present a comprehensive investigation of
LF noise characteristics in waveguide-integrated Ge-on-Si p–i–n
heterojunction photodiodes. We explore the noise properties within
the forward conduction regime, where the sensitivity to traps is
concentrated within narrow depletion regions. Particular attention
is given to the structural differences between lateral and vertical
junctions, where the defect-rich Ge/Si interface lies in different
positions within the space-charge regions. We examine how the
noise power spectral density evolves with forward voltage, tempera-
ture, and total-ionizing-dose (TID) exposure. Experimental measure-
ments are complemented by calibrated Technology Computer-Aided
Design (TCAD) simulations and established 1=f noise models for
p–i–n junctions. Through this combined approach, we correlate
the dominant noise mechanisms with the spatial locations of the
generation-ecombination (G–R) centers and diffusion-related
noise sources in the different photodiode geometries.

II. EXPERIMENTAL DETAILS

A. Materials

Waveguide-coupled Ge-on-Si p–i–n photodiodes were fabri-
cated using imec’s iSiPP50G 200 mm SOI platform, featuring
a 220 nm Si layer on top of a 2 μm buried oxide (BOX).1 Three
common Ge-on-Si photodiode architectures were investigated in
this study: doped-Si lateral (SLPIN), doped-Ge and doped-Si
lateral (SLPIN-D), and vertical (VPIN) p–i–n heterojunctions.24

Figures 1(a)–1(c) illustrate the typical cross sections of these
structures. Their respective device lengths are 20.8, 40.0, and
15:2 μm. In the SLPIN-D devices, the presence of additional pþ

and nþ Ge doping enhances the lateral junction electric field and,
thus, improves the electro-optic bandwidth performance of the
photodiodes. Additional information on the process flow is pro-
vided in previous studies.1,52 The Ge layers were grown by selec-
tive epitaxy on Si, within shallow trench isolation (STI) SiO2

oxide, resulting in a 4.2% lattice mismatch between materials.
This mismatch can result in defects and strained-induced thread-
ing dislocations, especially near the Ge/Si interface. These defects
are critical for low-frequency noise as they can act as G–R
centers. Figure 1(d) depicts bright-field transmission electron
microscopy (BF-TEM) cross-sectional images of a SLPIN device.
A zoom near the Ge/Si interface regions reveals interface rough-
ness and dislocations.

B. Measurements

Current–voltage (I–V) measurements were conducted in the
range of �1 to þ1 V using an Agilent/Keysight 4156A semiconduc-
tor parameter analyzer under dark conditions. Low-frequency noise
spectra were recorded as a function of applied voltage within the
frequency range of 1–390 Hz and temperature range of 240–360 K.
The voltage noise power spectral density, SV , was measured across
a low-noise load resistor RL connected in series with the photodi-
odes.53,54 The measurement setup included a low-noise voltage
preamplifier (SR-560), a SR-760 FFT spectrum analyzer, and a
cryostat-based system.54,55 To ensure optimal noise measurement
conditions, the value of the series load resistor was adjusted
according to the bias current. The current noise spectral density, SI , was
extracted using the relation SI ¼ SV � SVbcgr[(RL þ Rd)=(RLRd)]

2=G2,
where Rd ¼ (dI=dV)�1 is the differential resistance of the photodi-
ode, G is the gain of the low-noise amplifier, and SVbcgr is the back-
ground noise measured at zero bias.54 All measurements were
carried out inside electromagnetic shielding to minimize interfer-
ence from external noise sources. Each LF noise spectrum was post-
processed to remove unwanted spikes originating from the 60-Hz
power line interference and its associated harmonics. Random tele-
graph signal (RTS) measurements were performed using a Keysight
E4727-A advanced low-frequency noise analyzer and a Keysight
B1500A semiconductor parameter analyzer. For each device architec-
ture, at least two nominally identical photodiodes were characterized.
The devices showed consistent I–V characteristics and low-frequency
noise spectra, with variations within typical device-to-device fluctua-
tions and specifications. The data presented are representative of this
reproducible behavior.

X-ray irradiation experiments were conducted at Vanderbilt
University using a 10-keV ARACOR model 4100 x-ray irradiator,
delivering a total-ionizing-dose of 1 Mrad (SiO2) at a dose rate of
28.14 krad (SiO2)/min.56 During exposure, all device terminals
were grounded to control fields and potential charging effects
during exposure. Voltage- and temperature-dependent I–V and

FIG. 1. Cross-sectional view of (a) doped-Si lateral (SLPIN), (b) doped-Ge and
doped-Si lateral (SLPIN-D), and (c) vertical (VPIN) Ge-on-Si p–i–n photodiodes.
(d) Bright-field transmission electron microscope (BF-TEM) images of the
SLPIN device, including a zoom near the Ge/Si heterointerface. Interface rough-
ness and threading dislocations within the Ge layer are visible.
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low-frequency noise measurements were performed approximately
24 h after irradiation. These experiments were limited to the SLPIN
and SLPIN-D device configurations. Previous studies have shown
that VPIN devices exhibit full recovery of TID-induced degradation
within 24 h of irradiation, and VPIN devices were, therefore,
excluded from post-irradiation characterization.14

III. SIMULATION DETAILS

The Synopsys Sentaurus TCAD (Technology Computer-Aided
Design) simulator was employed to investigate the physical behav-
ior of the space-charge region in various photodiode configura-
tions. Following a previously established methodology,24 2D TCAD
models were developed using the available design layout file, fabri-
cation process data, and TEM images. The simulations numerically
solve Poisson’s equation and drift-diffusion transport equations for
electrons and holes, incorporating Fermi–Dirac statistics and high-
field saturation models for carrier mobility in both Si and Ge.
Multiple recombination mechanisms are included, such as Shockley–
Read–Hall (SRH), Auger, and field-enhanced Hurkx trap-assisted

tunneling (TAT).24 Temperature and doping dependencies were
accounted for in all physical models. Trap energy levels, representing
defect states located within the Ge bulk (due to threading disloca-
tions) and at the Ge/Si, Ge/SiO2, and Si/SiO2 interfaces, were
assumed to be at approximately midgap (Et ¼ Ei), constituting the
most effective SRH recombination centers.57 Simulation parameters
were selected based on values reported in similar structures (see the
supplementary material for a summary of the main TCAD parame-
ters used for the Ge material).24

IV. RESULTS AND DISCUSSIONS

A. Current–voltage characteristics

Figures 2(a)–2(c) show the temperature-dependent I–V char-
acteristics of the three Ge-on-Si photodiode configurations. Each
device exhibits strong temperature dependence both in reverse and
forward bias regimes. In the reverse-bias regime, we can identify
the dominant charge transport mechanism by analyzing the tem-
perature dependence of the dark current (Idark) using the

FIG. 2. Temperature-dependent I–V characteristics of the (a) SLPIN, (b) SLPIN-D, and (c) VPIN Ge-on-Si photodiodes. Temperature-dependent local ideality factor η as a
function of forward voltage, computed from the I–V curves measured for the (d) SLPIN, (e) SLPIN-D, and (f ) VPIN devices. The η plots are shown only for the voltage
ranges where the η estimate remains valid.
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Arrhenius relation within each pair of consecutive temperatures,58

Idark / exp �EA=kBTð Þ: (1)

Here, EA is the activation energy, kB the Boltzmann constant, T the
temperature, and q the elementary charge. Previous studies show
that Ge-on-Si p–n and p–i–n junctions exhibit non-linear
Arrhenius relations, indicating a strong evolution of the dominant
conduction mechanism in function of voltage and tempera-
ture.20,24,59,60 Typically, four main reverse leakage mechanisms are
identified for these devices: (1) diffusion of minority carriers across
the depletion region (EA ¼ Eg,Ge ¼ 0:66 eV), (2) SRH generation of
electron–hole pairs via mid-bandgap traps within the depletion
region (EA ¼ Eg,Ge=2 ¼ 0:33 eV), (3) field-enhanced Hurkx TAT
(0:1 eV � EA � 0:33 eV), and (4) band-to-band tunneling (BTBT,
EA , 0:1 eV).59 Consistent with previous observations,20,24,60 the
dominant conduction mechanism in our devices evolves gradually
from TAT at high reverse voltages and low temperatures to minority
carrier diffusion at lower reverse voltages and higher temperatures
(see the supplementary material for the detailed EA data). This
behavior confirms the presence of pre-existing defects, situated
within the depletion region and actively contributing to the mea-
sured Idark for all photodiode configurations under study.

At high forward voltage (>0.6 V), device characteristics tend
toward saturation, indicating that the contribution of the series
resistance becomes increasingly dominant at higher voltages. At
low injection levels (<0.5 V), a qualitative determination of domi-
nant charge transport mechanisms in forward bias can be achieved
by analyzing temperature-dependent I–V characteristics. Following
the method proposed by Grushko et al.,61 values of EA, extracted in
a specific temperature range, are plotted as a function of forward
voltage alongside two theoretical boundaries: EA1 ¼ Eg,Ge � qV and
EA2 ¼ 1

2 (Eg ,Ge � qV), indicated by the dark lines in Fig. 3. The rela-
tive position of the experimental EA(V) with respect to the lines is
used to determine the dominant current transport mechanism.
Figure 3 shows the activation energy as a function of forward
voltage for the three photodiode structures. Between 0 and 0.4 V,
all three configurations exhibit mixed current transport dominated
by SRH recombination in the space-charge region and carrier diffu-
sion processes. Above 0.4 V, enhancement of majority carrier injec-
tion occurs across the junctions, and, thus, the current becomes
dominated by a pure diffusion process.

Additionally, the diode ideality factor η can be used to identify
the dominant carrier transport mechanisms under forward bias.
Typically, an ideality factor of 1 is associated with a pure diffusion
current due to recombination of carriers in the quasi-neutral
regions. A value of 2 is associated with a pure SRH recombination
current via traps localized inside the space-charge region.57 To
capture the local variations in conduction behavior across the
forward bias range in complex heterojunctions, the use of local ide-
ality factor ηi is more appropriate. ηi is extracted at each voltage
step Vi using the following expression:

62

ηi(Vi) ¼ Vi � Vi�1

ln (Ii=Ii�1)
kBT
q

: (2)

This formulation assumes a moderate forward bias, for which the
voltage drop across the series resistance, IRs, remains negligible. To
determine the applicable range for each photodiode, we compared
the measured I–V characteristics with the ideal Shockley diode
slope and identified the onset of deviation (see the supplementary
material). The validity range of ηi extraction was found to differ
across devices: V , 0:25 V for SLPIN/SLPIN-D and V , 0:4 V for
VPIN devices. This difference results from the larger series resis-
tance of the SLPIN (Rs � 110Ω) and SLPIN-D (Rs � 70Ω) devices
compared to the VPIN devices (Rs � 25Ω), which narrows the
voltage window where the ideality factor remains unaffected by IRs

effects.
Figures 2(d)–2(f ) show ηi as a function of Vi at temperatures

ranging from 240 to 360 K. The lateral (SLPIN and SLPIN-D) and
vertical (VPIN) configurations exhibit distinct ideality factor
trends, reflecting their different heterojunction structures and
carrier transport.13 In all cases, a systematic decrease in the ideality
factor is observed with increasing temperature, indicating a shift
toward diffusion-dominated conduction at elevated temperatures.
Across the entire temperature range, ideality factors remain
between 1 and 2, consistent with a mixed transport regime where

FIG. 3. Activation energy, EA, as a function of the forward voltage, extracted
across three different temperature range for (a) SLPIN, (b) SLPIN-D, and (c)
VPIN devices. The dark lines, EA1 ¼ Eg,Ge � qV and EA2 ¼ 1

2 (Eg,Ge � qV ),
demarcate dominant conduction mechanisms.

Journal of
Applied Physics

ARTICLE pubs.aip.org/aip/jap

J. Appl. Phys. 138, 155706 (2025); doi: 10.1063/5.0287589 138, 155706-4

© Author(s) 2025

 19 D
ecem

ber 2025 09:54:34

https://doi.org/10.60893/figshare.jap.c.8063230
https://doi.org/10.60893/figshare.jap.c.8063230
https://doi.org/10.60893/figshare.jap.c.8063230
https://pubs.aip.org/aip/jap


both diffusion and SRH recombination contribute to the forward
current. However, at lower temperatures, the ideality factor
approaches 2, emphasizing the stronger role of SRH recombination
through interface and/or bulk traps under these conditions.

B. Voltage dependence of LF noise

To further study the recombination mechanisms identified by
the I–V and EA analysis, we employ LF noise spectroscopy. Noise
measurements can be used as a complementary tool to probe
carrier number fluctuations, providing additional information
about the trap properties and their spatial location within the
device. In particular, analyzing the voltage dependence of the LF
noise allows us to decouple diffusion-related and G–R related fluc-
tuations and to assess the relative role of interface and bulk defects
in different device geometries.

While photodiodes generally operate in reverse bias, in this
work, LF noise measurements were performed under forward bias.
In reverse bias, the combination of very low dark currents (few nA
to 100 nA) and large differential resistances Rd (MΩ – GΩ) makes
the reliable extraction of SI difficult in our setup. A careful balance
between Rd and the load resistance RL is essential to maintain high
voltage-to-current noise conversion across the diode. Increasing RL

introduces additional thermal noise, which can dominate the
intrinsic noise of the photodiode. From a physical perspective,
recombination processes in forward bias are confined to a narrow
depletion region (as confirmed below by simulations), offering a
method to locally probe defect-related fluctuations within specific
spatial regions. Under reverse bias, the same defects contribute
through generation processes in an extended depletion region,24

while additional SRH centers located in the bulk and at the
Ge/Si, Ge/SiO2, and Si/SiO2 interfaces are incorporated into the
measured noise response (see the supplementary material for
reverse-bias simulations of the space-charge regions). This
broader contribution complicates the decoupling of individual
defect mechanisms. A systematic reverse-bias study, while
beyond the scope of the present work, remains an important
direction for future research.

Typically, the current noise spectral density SI can be parame-
terized via

SI(f ) ¼ K
Iβ

f α
, (3)

where K is a normalization factor, α ¼ �@ ln SI=@ ln f is the slope
of the LF noise spectrum, and β indicates the dependence on the
diode current I.

Figures 4(a)–4(c) show the noise spectral density normalized
by the current, SI=I2, for the three Ge-on-Si PDs, measured at
forward voltages from 0.1 to 0.6 V, as a function of frequency at
T ¼ 295 K. The LF noise spectra are of the 1=f α type, with α close
to 1. However, for bias of 0.2 to 0.3 V, weak Lorentzian humps can
be observed. To detect more accurately the presence of peaks,
replotting the data as f � SI=I2 helps to emphasize deviations from
1=f power law.63 Such plots are depicted in Figs. 4(d)–4(f ). Weak
and broad peaks are discernible in noise spectra at voltage levels of
0.2 to 0.3 V, most notably for the SLPIN-D device, suggesting the

presence of generation-recombination noise associated with traps
having an average characteristic time constant of τ ¼ 1=(2πfc),
where fc is the corner (peak) frequency. These features become
more evident in the temperature-dependent LF noise analysis pre-
sented in Sec. IV C.

The G–R noise model for p–i–n junctions describes how
carrier capture and emission via bulk or interface traps within the
space-charge region (SCR) induce fluctuations in local charge
density. These fluctuations modulate the electric field distribution
inside the SCR and, thus, create time-dependent fluctuations in the
total current flowing through the diode.44,64–66 A generalized
expression for the G–R noise current spectral density originating
from traps within the SCR of width W is given by44,66

SI(f ) ¼
ðW
0

ðτ2
τ1

�I
ηVT

� �2 qxj
Aε0εs

� �2

� g(τ)
4τ

1þ ((2πf )2τ2)
Ntft(1� ft)dxdτ: (4)

Here, g(τ) represents the distribution of trap time constants, while
Nt is the total number of traps in the section [xj, x jþ1]. ft(1� ft) cap-
tures the bias dependence of trap occupancy, where ft is the probability
of trap occupation. The bias dependence of ft(1� ft) arises from the
relative alignment of the quasi-Fermi levels with the trap energy level
Et .

28 As the forward bias changes, it alters the carrier distributions
and the position of the quasi-Fermi levels, EFn,p , thus modulating the
carrier-trap coupling. This mechanism can contribute to the voltage-
dependent activation or suppression of specific trap contributions to
the measured LF noise spectra. Furthermore, the ideality factors η,
ranging from 1.25 to 1.5 at 0.2 V and 295 K, place the junctions in a
regime in which both diffusion and SRH recombination are
active, which can broaden the observed G–R peak. Below and
above 0.2–0.3 V, the noise originates from a broad distribution of
trap time constants, leading to a superposition of Lorentzian
spectra that collectively form a 1=f -like spectrum.

To determine whether the observed broad peak components
originate from discrete dominant defect states, random telegraph
signal (RTS) measurements were performed at T ¼ 295 K in the
bias range of 0.1 to 0.3 V, analyzing current fluctuations I as a
function of time t. Time-lag analysis plotting I(tiþ1) vs I(ti) was
used to identify multi-level switching behavior between distinct
traps.67,68 The measurements do not show any distinguishable RTS
patterns at room temperature, with no observable discrete step
changes in current (see the supplementary material). Instead, the
current fluctuations exhibited Gaussian distribution characteristics
at all voltages, indicating that the noise originates from a statisti-
cally significant ensemble of defect states rather than isolated fluc-
tuators. At some conditions (0.4 and 0.5 V for the SLPIN and
SLPIN-D devices, 0.4 V for the VPIN devices), the curves follow a
pure 1=f dependence, typically associated with diffusion noise.
This behavior likely originates from variations in carrier scattering
due to fluctuations in the charge state of defects in the quasi-
neutral regions54,69 and have the following dependency:

SI(f )/ I
f
: (5)
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The study of noise spectral density dependence on the diode
current, given by β in Eq. (3), proves to be very useful in under-
standing the dominant noise source in forward-biased junction
devices. Figures 5(a) and 5(b) show SI=I2 vs V and SI vs I,
respectively, measured at f ¼ 50 Hz and T ¼ 295 K for the three
photodiodes under study. From these plots, three distinct regimes

emerge, reflecting transitions between dominant noise sources
and transport mechanisms.

In the low-current regime (V � 0:2 V), the measured SI vs I
relationship closely follows a near quadratic trend SI � I2. This
behavior is consistent with 1=f noise originating from defect-assisted
G–R events within the depletion region,40,44,46,47 as described by

FIG. 4. The normalized current noise spectral density SI=I2 as a function of frequency f, measured at different forward bias voltages, at T ¼ 295 K, for the (a) SLPIN, (b)
SLPIN-D, and (c) VPIN devices. The normalized noise current spectral density multiplied by the frequency, f � SI=I2, is also shown at different forward bias voltages for
the (d) SLPIN, (e) SLPIN-D, and (f ) VPIN devices. Panels (g)–(i) provide magnified views with red arrows highlighting the weak and broad peaks in the f � SI=I2 spectra.
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Eq. (4). Furthermore, G–R noise associated with surface states in
p–n junctions, originating from the junction periphery or the surface
of the SCR, has been shown to follow a I2=η power-law depen-
dence.46,70 Examining the extracted η values in Figs. 2(d)–2(f),
we find η [ [1:1� 1:4] at room T , which corresponds to
β ¼ 2=η [ [1:82� 1:43]. This implies that both bulk and
interface-related traps within the space-charge region can contrib-
ute to the observed noise in the low-injection regime. In the inter-
mediate current regime, corresponding to a voltage range of
0:2V � V � 0:5V, the current dependence gradually transitions
toward a linear relation with SI � I. This transition is more pro-
nounced in the SLPIN and SLPIN-D devices, while it appears less
distinctly in the VPIN device. As described by Eq. (5), this linear
dependence is characteristic of diffusion noise originating from
carrier scattering and recombination in the quasi-neutral regions
of p–n junctions. This change occurs at the same current levels
(I � 10�6�10�5) where the Lorentzian hump features were
observed. In systems with multiple trap levels, the G–R noise
spectra are governed by the spatial distribution and occupancy
states of active traps, as well as the relative position of these traps
with respect to the position of Fermi levels throughout the deple-
tion regions, which can experience significant modification with

increasing forward bias voltage. Finally, in the high-current regime
(V � 0:5V), the diode current will start to be influenced by the
series resistance Rs. Typically, the 1=f noise due to fluctuations in
resistive elements follows a quadratic current dependence SI � I2,71

which is observed for SLPIN and VPIN devices.
TCAD simulations were performed to study the space-charge

region dynamics in these photodiode architectures and understand
the role of the defect-rich Ge/Si interface, otherwise inaccessible by
measurements presented in Figs. 4 and 5. Figure 6 shows the simu-
lated electric field distributions for both SLPIN and VPIN struc-
tures at room temperature under a forward bias of 0.2 V. The
SLPIN-D simulations are not shown because the SCR characteris-
tics and the noise-sensitive depletion regions are closely similar to
the SLPIN devices (see the supplementary material for SLPIN-D
simulation data). For the VPIN device, only the left-part of the
device is shown due to its symmetry. The dominant current con-
duction pathways through the lateral p-Si/i-Ge/n-Si (SLPIN) and
the vertical pþGe/i-Ge/n-Si (VPIN) heterojunctions are indicated
by white arrows (see the supplementary material for current
density plots). Additionally, schematic representations of the
expected Ge/Si interface defects and bulk threading dislocations
near the heterojunction interface are included. The approximate

FIG. 5. (a) SI=I2 as a function of
forward voltage V and (b) SI as a func-
tion of forward current I, measured at
f ¼ 50 Hz and T ¼ 295 K, for the
three Ge-on-Si photodiodes.

FIG. 6. Simulated electric field profiles
at T ¼ 295 K under 0.2 V forward bias
for (a) SLPIN and (b) VPIN devices.
Schematic representations of interface
defects and threading dislocations are
overlaid on the field plots. The approxi-
mate boundaries of depletion regions,
which serve as active areas for G–R
noise mechanisms, are indicated by
pink lines.
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depletion regions at 0.2 V forward bias are also shown. We observe
that the depletion regions in the SLPIN device are tightly confined
near the bottom i-Ge/p-Si interface, near the high-field region. The
presence of high fields originates from the strong valence band offset
occurring at this interface. The additional pþ and nþ doping in
SLPIN-D devices enhances the electric field near the top i-Ge/SiO2

interface. This in turn increases their susceptibility to dark current
degradation under electro-thermal stress.24 This additional doping
has minimal impact on the space-charge region near the bottom
i-Ge/p-Si interface, thereby explaining the similar LF noise behavior
in SLPIN and SLPIN-D devices. In contrast, the VPIN structure
exhibits a broader depletion region located within the i-Ge layer, spa-
tially separated from the i-Ge/n-Si interface. These results provide
insight into locations of the G–R noise centers, indicating that traps
near the Ge/Si interface dominate in lateral devices, whereas vertical
devices are more sensitive to bulk Ge traps.

In Fig. 7, the energy band diagrams are visualized along the
dominant current injection pathways (depicted in Fig. 6) at
forward bias conditions of 0.2 and 0.4 V. In the SLPIN device, the
electrons flow from the i-Ge layer toward the p-Si interface.
Assuming traps located near the midgap energy, carrier recombina-
tion can occur both within the i-Ge depletion region and at the
i-Ge/p-Si heterojunction interface. In practice, a broad distribution
of trap energy levels is likely, particularly at the heterointerface, as
schematically represented in the band diagrams. As described by
Eq. (4), the G–R noise magnitude reaches a maximum when the
trap energy aligns with the local quasi-Fermi level and decays
rapidly for energy separations exceeding a few kBT. As the forward
bias increases, two key mechanisms influence the noise behavior.
First, an increase of V can modify and strongly reduce the spatially
distributed difference Et � EF inside the junction. This reduces the
effective number of traps in resonance with the Fermi level, thus
reducing G–R noise magnitude. In addition, at higher V , the junc-
tion barrier height is reduced and a decrease of WD is observed in

the i-Ge layer, facilitating the diffusion of carriers across the junction
and leading to enhanced diffusion noise in the quasi-neutral regions.
However, the WD around the i-Ge/p-Si interface is weakly reduced
due to the large valence band offset. This suggests that the G–R con-
tribution in the SLPIN device may originate from traps located near
the bottom i-Ge layer, close to the Ge/Si heterojunction.

In the VPIN device, the electrons flow from the n-Si layer
toward the pþ Ge layer. Here, at 0.2 V, the WD region is localized
within the i-Ge layer, further away from the Ge/Si heterointerface,
but laterally adjacent to the Ge/SiO2 interface. At higher voltage, a
notable reduction of the junction barrier is observed, as well as a
shift of the Et � EF alignment inside the junction. Unlike the
SLPIN structure, the VPIN’s wider and more symmetrically distrib-
uted depletion region, located away from the Ge/Si heterojunction,
appears to average out localized defect effects over a broader bulk
volume. This spatial smoothing likely contributes to the more
gradual evolution of the ideality factor η and the current exponent
β with bias.

C. Temperature dependence of LF noise

The LF noise measurements were performed in the temperature
range from 240 to 360 K at a forward bias voltage of 0.2 V to capture
the evolution of the spectra in the recombination-dominated charge
transport regime of interest. Figures 8(a)–8(c) show SI=I2 vs f , at
multiple temperatures for the three different Ge-on-Si photodiodes.
Figures 8(d)–8(f) replot the data as f � SI=I2 vs f to make the G–R
peak more visible. Broad peaks can be observed for the SLPIN and
SLPIN-D in the studied frequency range at some specific temper-
atures. As the temperature increases, fc tends to shift to a higher
frequency. The presence of peaks is less visible for the VPIN
device. As the temperature increases, the thermally activated
carrier capture and emission rates from traps accelerate, resulting
in shorter characteristic time constants and shift of fc to higher
frequencies. Furthermore, a notable trend emerges in the charac-
teristic frequency slope α, which systematically decreases with
increasing temperature. When α deviates significantly from 1.0,
this indicates the presence of G–R recombination noise caused by
specific defect centers or highly non-uniform defect-energy distri-
butions.36 These discrete Lorentzian G–R noise components
superimpose on the underlying 1=f background noise, which
originates from a broader ensemble of less dominant defect states.
Figure 9 shows the temperature dependence of α, extracted at
f ¼ 50 Hz, for all three devices. The spectral slope demonstrates a
consistent pattern: values (between 1.4 and 1.7 at 240 K) decreas-
ing monotonically with increasing temperature before saturating
at values between 0.75 and 1.0 for temperatures above 300 K. The
transition is sharper for the SLPIN and SLPIN-D devices, com-
pared to the VPIN device. This behavior suggests a transition in
the dominant noise mechanisms around 300 K: G–R noise from
few dominant traps at low temperature, toward diffusion-limited
noise in the quasi-neutral regions at higher temperature.

Figure 10 shows SI=I2 as a function of temperature T at 0.2 V
for selected frequencies ranging from 50 to 350 Hz. For the SLPIN
and SLPIN-D devices, distinct noise peaks emerge between 280
and 300 K. As the frequency increases, the noise peak shifts slightly
to higher temperatures. In contrast, the VPIN device shows

FIG. 7. Simulated energy band diagram of the Ge/Si heterojunctions in (a)
SLPIN and (b) VPIN devices, extracted at T ¼ 295 K for two forward bias volt-
ages (0.2 and 0.4 V). Schematic representations of interface and bulk defect
states within the bandgap are overlaid on the plots in purple.
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significantly attenuated or absent peaks over the same temperature
range. Interestingly, the noise maxima occur precisely at the transi-
tion temperature where the frequency exponent α of the noise spec-
trum exhibits a slope change.

The temperature dependence of 1=f noise was originally
described by Dutta and Horn.72 This model provides a detailed
description of the effective energy distributions of defects that domi-
nate low-frequency noise in metal films, microelectronic devices, and
materials. However, the conventional formalism, which assumes a
single thermally activated ensemble of two-state fluctuators with a sta-
tionary energy distribution and constant coupling to the measured
current, cannot be applied across the full temperature range under
study of the forward-biased Ge-on-Si photodiodes. As temperature
increases, the dominant conduction mechanism gradually shifts from
generation-recombination in the depletion region at low temperatures
to diffusion-limited injection in the quasi-neutral regions at higher
temperatures. Each regime is associated with different sets of active
defect states, activation energies, and coupling mechanisms. As a
result, applying a single Dutta–Horn analysis across the full tempera-
ture range is not possible. To get information on the defect acting on

FIG. 8. The normalized noise current spectral density SI=I2 as a function of frequency f, measured at 0.2 V forward bias, at different temperatures, for the (a) SLPIN, (b)
SLPIN-D, and (c) VPIN devices. The normalized noise current spectral density multiplied by the frequency, f � SI=I2, measured at 0.2 V forward bias, at different tempera-
tures, for the (d) SLPIN, (e) SLPIN-D, and (f ) VPIN devices. Solid black lines show smoothed data trends for visual guidance.

FIG. 9. The α parameter dependence on temperature for the three Ge-on-Si
photodiode configurations, measured under a forward bias of 0.2 V.
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the G–R noise, one must fully solve Eq. (4). This requires detailed
knowledge of several spatially and thermally dependent parameters
(trap densities, occupancy probabilities, electric field ~E, and carrier
distribution). In the context of Ge-on-Si photodiodes, this task is par-
ticularly challenging due to the highly non-uniform SCR.

Despite the above noted limitations, previous studies have
shown that peaks in the temperature dependence of LF noise can
indicate changes in material properties or shifts in the dominant
transport regime.48 In this case, structural changes are ruled out.
Ge-on-Si diodes are known to be stable between 240 and 360 K,
with no phase transitions or crystallographic changes observed in
this range. Therefore, the observed noise behavior strongly supports
the interpretation that the dominant noise source transitions from
G–R noise at low temperature to diffusion noise at high tempera-
ture. The peak in SI=I2 marks the temperature at which all the
traps in the depletion region have the highest fluctuation rates and
the strongest coupling to the current. Below the peak, G–R noise
dominates where fewer traps are active. The main contribution to
G–R noise originates from defects located in a narrow region near
the Ge/Si interface. At elevated temperatures, above the peak, the
increased thermal energy leads to higher free carrier concentra-
tions, enhancing carrier diffusion and recombination into the
quasi-neutral regions. Simultaneously, the built-in potential barriers
at the junction are reduced, further facilitating charge transport. In
this region, the noise is dominated by mobility and scattering fluc-
tuations in the bulk.

D. Total-ionizing-dose effects on LF noise

Total-ionizing-dose (TID) effects can provide additional infor-
mation on the low-frequency noise behavior of semiconductor
devices.30,37,73,74 Figure 11 compares forward I–V characteristics for
the SLPIN and SLPIN-D devices, before and after being irradiated
with 10-keV x rays to a TID of 1Mrad (SiO2), measured in the
temperature range of 240–360 K. In the low-injection regime, from
0 to 0.35 V, the DC response of the devices is significantly affected

by TID irradiation. This voltage range, strongly dominated by SRH
recombination within the depletion regions, exhibits an increase in
the forward current at each temperature. In addition, as shown in
the insets of the figure, the ideality factor at 0.2 V increased after
irradiation at each temperature, indicating more pronounced
recombination current contributions. Above 0.35 V, the forward
conduction is dominated by diffusion of free carriers and series
resistance, which were found to be not affected by TID-induced

FIG. 10. Temperature dependence of the normalized current noise spectral density, SI=I2, measured under 0.2 V forward bias for (a) SLPIN, (b) SLPIN-D, and (c) VPIN
device configurations. Data are plotted at selected frequencies ranging from 50 to 350 Hz.

FIG. 11. Current–voltage I–V characteristics measured in forward bias between
240 and 360 K, before (continuous lines) and after (dashed lines) 10-keV x-ray
irradiation to a TID of 1 Mrad (SiO2) for the (a) SLPIN and (b) SLPIN-D devices.
The insets show the ideality factor η at 0.2 V as a function of temperature,
before and after TID irradiation.
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degradation. Previous studies show that the dominant TID effects
in these structures are caused by net positive charge trapping in
oxides located near the Ge/SiO2 and Si/SiO2 interfaces,

75–78 affect-
ing the electrostatics of the space-charge region.79 This, in turn, can
lead to potential barrier lowering, local enhancement of the electric
field and SRH recombination rate inside the junction,24 leading to
the creation of additional current leakage paths. The exact trapped
charge distribution will depend on the oxide trap densities, defect
properties, electric field magnitudes, and electrostatic potential
distribution.80,81 Figure 12 shows TCAD simulations of (a) the
electrostatic potential and (c) the ~E field for the SLPIN structure at
0 V and 295 K before irradiation, mimicking the conditions experi-
enced by the device under experimental irradiation (see the
supplementary material for the SLPIN-D results). The simulations
reveal a high ~E field magnitude and strong electrostatic potential
gradient near the bottom i-Si/BOX interface and near the right
i-Ge/SiO2 and p-Si/SiO2 corner interfaces. Trapped charges located
at the i-Si/BOX interface are situated approximately 190 nm away
from the active diode conductive path and hence will have negligi-
ble impact on the device characteristics. However, traps near the
i-Ge/SiO2 corner can locally influence the electrostatic potential
and create an additional leakage path near the heterojunction.
To illustrate this effect, a uniform sheet of positive trapped charges
(Nox ¼ 1012 cm�2), consistent with reported values in the litera-
ture,75,79,82,83 was placed at the right i-Ge/SiO2 interface. The
resulting potential and field maps [Figs. 12(b) and 12(d)] show a

FIG. 12. Simulated (a) and (b) electrostatic potential and (c) and (d) electric
field profiles at 0 V and T ¼ 295 K for the SLPIN device, (a) and (c) without
and (b) and (d) with positive trapped charges (Nox ¼ 1012 cm�2). Black arrows
indicate the direction of ~E. The expected trapped charge locations due to TID
irradiation are overlaid on the plots, showing how trapped charges locally distort
the potential and can create additional leakage paths near the active space-
charge region.

FIG. 13. The noise current spectral
density SI as a function frequency f at
0.2 V bias, measured below [(a) and
(b)] and above [(c) and (d)] 300 K for
the (a) and (c) SLPIN and (b) and (d)
SLPIN-D devices. Solid symbols
denote the as-processed devices, and
open symbols denote the devices irra-
diated at T ¼ 295 K with 10-keV x
rays up to a TID of 1 Mrad (SiO2).
Increases in the noise magnitudes are
only observed in the low-temperature
range, below 300 K.
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pronounced potential distortion and enhanced ~E field magnitude
near the i-Ge/p-Si junction.

Figure 13 shows SI vs f for the SLPIN and SLPIN-D devices
before and after TID exposure. The data are separated into two
temperature ranges: below 300 K [Figs. 13(a) and 13(b)] and above
300 K [Figs. 13(c) and 13(d)]. At lower temperatures, the noise
magnitude increases after TID irradiation, while the spectral shape
(and consequently the α slope) remains largely unchanged. This
behavior indicates that x-ray irradiation has activated additional
trap centers participating in the G–R noise at low temperature.
However, the nature of the new generated traps remains
unchanged, meaning that no new trap types were created within
the junction during TID. A possible explanation is that TID alters
the electrostatic potential landscape, modifying the trap occupancy
probability ft and thereby enhancing recombination activity at
existing defect states, without introducing new trap types or energy
levels in the SCR. At elevated temperatures, above 300 K, the noise
spectra remain relatively unaffected by TID irradiation. This reflects
that bulk diffusion noise, governed by carrier scattering and mobil-
ity fluctuations in this temperature range, is less affected by electro-
static potential modifications due to interface trapped charges.

In addition, Fig. 14 depicts the normalized SI=I2 vs f for the
SLPIN and SLPIN-D devices before and after TID exposure.
Interestingly, a strong decrease in normalized current noise is
observed in the whole temperature range. This overall behavior sug-
gests that TID-induced degradation facilitates the reduction of the
junction barrier and provides additional conduction channels,
boosting significantly the DC forward current I.14 However, TID
minimally enhances the noise SI where generation-recombination
dominates. The net result is that SI=I2 drops at all temperatures.
These findings highlight that the mechanisms governing the DC
current conduction and the low-frequency noise response in
Ge-on-Si p–i–n photodiodes can be fundamentally different. This
decoupling between forward conduction and noise generation
mechanisms enables understanding of the physics of Ge-based
photodiodes and can be helpful to assessments of interface material
quality.

V. SUMMARY AND CONCLUSIONS

In summary, we reported on the forward bias voltage and
temperature dependence of the low-frequency 1=f noise in three
waveguide-integrated Ge-on-Si p–i–n photodiode architectures:
doped-Si lateral (SLPIN), doped-Ge and doped-Si lateral
(SLPIN-D), and vertical (VPIN) heterojunctions. Forward I–V
characteristics reveal mixed-mode conduction comprising
Shockley–Read–Hall (SRH) recombination and diffusion currents
in the low-injection regime, with relative contributions varying
with temperature. Voltage-dependent noise measurements exhibit
broad generation-recombination (G–R) Lorentzian peaks near
0.2 V bias, near the transition voltage from G–R-dominated to
diffusion-limited current noise. Our TCAD simulations demon-
strate that the lateral devices exhibit pronounced G–R noise signa-
tures due to strain-induced defects and trapping centers
concentrated near the Ge/Si interface within the tight depletion
region. In contrast, the Ge/Si interface in vertical devices lies
outside the depletion region, leading to a noise response dominated
by bulk Ge traps. Temperature-dependent 1=f measurements reveal
a systematic evolution from G–R noise mechanisms below 300 K to
diffusion-dominated noise at elevated temperature. Notably, lateral
devices display non-monotonic normalized noise magnitude with a
peak near 300 K, indicating a critical transition temperature where
competing noise mechanisms have the strongest coupling to the
current. For lateral devices, post-total-ionizing-dose (TID) irradia-
tion analysis reveals a modest increase in the low-temperature noise
magnitude ascribed to trap activation within the space-charge
region. A substantial increase in forward current across all tempera-
tures highlights the predominant effect of radiation-induced degra-
dation on the creation of a leakage path near the interfaces. This
study demonstrates how low-frequency noise analysis can support
reliability assessments by linking temperature, bias, and radiation
effect dependencies to the activity of critical traps in Ge-on-Si
photodiodes.

SUPPLEMENTARY MATERIAL

The supplementary material provides data supporting the con-
duction mechanism analysis in the reverse-bias regime, detailed
random telegraph signal (RTS) measurements under forward bias,
and additional TCAD simulation parameters and results.
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