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ABSTRACT
As silicon-based devices continue to shrink to the nanoscale, traps at the Si–SiO2 interface pose increasing challenges to device performance.
These traps reduce channel carrier mobility and shift threshold voltages in integrated circuits and introduce charge noise in quantum systems,
reducing their coherence times. Knowledge of the precise location of such traps aids in understanding their influence on device performance.
In this work, we demonstrate that frequency-modulated atomic force microscopy allows the detection of individual traps. We use this to study
how sample preparation, specifically the introduction of a buried hydrogen termination layer and post-processing annealing in forming gas
(N2 + H2), affects the density of donor-like traps in Si(100)–SiO2 systems. We spatially map and quantify traps in both conventionally pre-
pared (“pristine”) silicon samples and those processed under ultrahigh vacuum for hydrogen resist lithography (HRL). We confirm previous
studies demonstrating hydrogen passivation of traps and find that hydrogen termination further reduces the donor-like trap density. We also
observe a significant reduction in two-level donor-like traps in the hydrogen-terminated samples compared to pristine silicon samples. These
findings suggest that HRL-prepared silicon may offer advantages for high-performance nanoscale and atomic-scale devices due to reduced
trap densities.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0283324

I. INTRODUCTION

Silicon remains the foundational material for modern electron-
ics, from everyday computing to emerging quantum technologies.
As devices shrink to the nanoscale, their performance becomes
increasingly sensitive to material imperfections, particularly at the
Si–SiO2 interface. These defects include interfacial traps, arising
from the mismatch between the silicon and oxide crystals, and oxide
traps within the oxide layer itself. Such traps can disrupt electronic
properties by introducing charge noise, lowering carrier mobil-
ity, shifting threshold voltages, and increasing leakage currents.1–4

These issues are particularly concerning for field-effect devices, such
as metal–oxide–semiconductor field-effect transistors (MOSFETs),5
and emerging silicon-based quantum technologies.6,7

Reducing trap density is, therefore, a key challenge in the
fabrication of high-performance devices. Hydrogen and deuterium

passivation of interfacial traps in Si–SiO2 systems via thermal
annealing has been well studied.8–13 The experimental methods typ-
ically used to characterize trap densities in these studies include
electron spin resonance and nuclear magnetic resonance. These
techniques quantify average trap densities over large sample areas.
As device dimensions continue to shrink, the spacing between indi-
vidual traps can become comparable to, or even larger than, the
device’s critical dimension. Consequently, it is necessary to know
the precise location of traps to understand their influence on device
performance, as global trap density is less relevant than the exact
position with respect to a device.

In this work, we demonstrate that frequency-modulated atomic
force microscopy (fm-AFM) allows the detection of individual traps.
We use this to study how sample preparation—specifically hydro-
gen termination and post-processing annealing in forming gas
(N2 + H2)—affects the density of donor-like traps in Si(100)–SiO2

AIP Advances 15, 105024 (2025); doi: 10.1063/5.0283324 15, 105024-1

© Author(s) 2025

 

https://pubs.aip.org/aip/adv
https://doi.org/10.1063/5.0283324
https://pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0283324
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0283324&domain=pdf&date_stamp=2025-October-16
https://doi.org/10.1063/5.0283324
https://orcid.org/0009-0007-5450-2910
https://orcid.org/0009-0009-7016-3220
https://orcid.org/0009-0007-3645-7087
https://orcid.org/0009-0007-7402-8902
https://orcid.org/0000-0003-1377-5502
https://orcid.org/0000-0002-5661-0559
https://orcid.org/0000-0003-4164-362X
https://orcid.org/0000-0003-1719-8239
mailto:Adamc@physics.mcgill.ca
mailto:Nikola.Kolev.21@ucl.ac.uk
https://doi.org/10.1063/5.0283324


AIP Advances ARTICLE pubs.aip.org/aip/adv

systems. We spatially map and quantify traps in two types of silicon
surfaces: conventionally prepared (“pristine”) silicon and hydrogen-
terminated Si(100) prepared under ultrahigh vacuum conditions,
each with a native oxide layer. The latter is commonly used as a
substrate in hydrogen resist lithography (HRL), a scanning tun-
neling microscopy-based technique for atomic-scale patterning.14

HRL has shown promise for building single-atom transistors, quan-
tum dots, and other atomically precise devices.15–20 However, the
impact of hydrogen termination on trap densities, in these atomic-
scale devices, has not been widely studied. This work examines how
hydrogen termination and post-processing annealing influence trap
densities at the Si(100)–SiO2 interface. Our results highlight how
fabrication and processing choices affect interface quality, offer-
ing insights for improving both conventional and quantum device
architectures. We also demonstrate the utility of fm-AFM as a
non-destructive tool for characterizing interfacial defects at the
nanoscale.

II. EXPERIMENTAL METHODS
All experiments were performed on silicon samples taken from

the same initial wafer, which was boron-doped (9.15 × 1014
/cm3

)

and 500 μm thick. The preparation of clean Si(100) surfaces and
subsequent hydrogen termination took place in an ultrahigh vac-
uum (UHV) chamber, with a base pressure of around 4 × 10−10

mbar. A clean Si(100) surface was prepared by direct current heat-
ing to 600 ○C for 8 h, followed by multiple flash anneals at 1200 ○C,
and then slow cooling over 30 min to allow the surface to relax
into a Si(100)-2 × 1 surface reconstruction with minimal defects. H-
termination was performed by exposing the surface to an atomic
hydrogen beam while using direct current heating to maintain a
sample temperature of 320 ○C. The beam was generated by thermally
cracking H2, at a H2 partial pressure of 5 × 10−7 mbar. Molecular
beam epitaxy was then used to cap the sample in 3 nm of epitaxial
silicon. The first ten monolayers (the locking layer) were grown at
room temperature, followed by rapid thermal annealing at 470 ○C
for 15 s. The rest of the silicon was then grown, while the sam-
ple temperature was kept at 250 ○C. This is a common method for
encapsulating devices fabricated using HRL, as it minimizes the dif-
fusion of atomically precise positioned dopant atoms. The sample
was subsequently removed from UHV to allow for a native oxide, of
around 1 nm, to form at the surface, and diced into three parts.

To examine how annealing in a forming gas affects the den-
sity of Si(100)–SiO2 traps, three types of post-fabrication annealing
were studied: no annealing (control), N2 gas, and N2 + H2 forming
gas. This was repeated for two types of Si(100) samples: unpro-
cessed Si(100)—which was not cleaned in UHV or subsequently
hydrogen terminated and is referred to as “pristine silicon”—and
Si(100), which was processed as one would for HRL,14,21 referred to
as “H-terminated silicon.” The post-fabrication annealings were all
performed at 250 ○C for 5 min at atmospheric pressure and repeated
four times for each sample. The ratio of the N2 +H2 forming gas was
95%/5%.

The spatial density of traps in the samples was characterized
with fm-AFM using a metal-coated tip. Traps can be located by map-
ping the fm-AFM dissipation Fd.22 Areas of larger Fd due to traps
will manifest themselves as rings in a dissipation scan, with the rings
centered at the trap locations. The rings are a result of the AFM

FIG. 1. fm-AFM dissipation scans reveal rings due to traps. Shown is a dissipation
scan done on the non-annealed pristine silicon sample, conducted at a bias of
−3 V and Δ f setpoint of −300 Hz. The arrows point to three examples of traps
showing two-level fluctuations. The b/w scale is 0:239 meV/cycle.

response due to the ionization of a single trap.22 An example of such
a dissipation scan is shown in Fig. 1, which was obtained from the
non-annealed pristine silicon sample.

The ring size in dissipation scans depends on the tip bias and
tip height.22,23 The samples studied here all have the same bulk dop-
ing, so the dominant electrostatic forces are expected to be constant
across all samples. Thus, scanning the samples with the same fre-
quency shift (Δ f) setpoint is assumed to result in the same tip
heights for all measurements and yield a consistent distribution of
ring sizes in dissipation scans. While asymmetries in the ring shapes
are likely due to the probe shape, slight variations in ring sizes may
occur due to variations in trap depth and energy level.

Here, the tip was initially approached at zero bias and −10 Hz
frequency shift setpoint. The z feedback was then turned off, the
bias adjusted to the desired value, and the Δ f setpoint adjusted to
maintain the same z position once the z feedback was turned back
on again. The bias and Δ f setpoint values were chosen so that rings
were clearly visible in the dissipation scans and kept constant across
all samples to maintain a consistent ring size distribution. A nega-
tive tip bias allows for the imaging of donor traps, while a positive
bias allows for the imaging of acceptor traps.22 A fraction of traps
exhibited two-level fluctuations, as indicated by the arrows in Fig. 1,
which are discussed in further detail below.

III. TRAP DENSITY
To assess the density of rings (and, thus, traps) in the dissi-

pation scans, various computer vision methods were considered.
Such techniques have been successfully applied to detect defects,
molecules, or atoms in microscopy images.24,25 For instance, Zhang
et al. employed a combination of a YOLOv5 network and a ResNet-
34 to locate and classify AFM imaging defects, achieving accuracies
between 75% and 95%.26 Based on preliminary evaluations and
the success of these methods in similar contexts, we identified two
approaches as the most effective: Otsu’s pixel thresholding method
to separate the ring regions from the background27 and a deep learn-
ing (DL) approach to locate and count the traps. Otsu’s method
automatically determines the pixel value threshold needed to sep-
arate the foreground from the background and does not require
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user-defined parameters. This results in consistent processing of
all images. Measuring the change in the areas of the ring regions
across the samples allows us to gauge how the trap density changes.
However, it should be noted that the comparison of ring areas
using Otsu’s thresholding across samples assumes a consistent ring
size distribution across all samples, regardless of the processing
method. This assumption may not hold if hydrogen passivation
preferentially affects certain types of donor-like traps (e.g., oxide
or interfacial traps), potentially altering the ring size distribution
in dissipation scans. To address this, we trained a YOLOv8 DL
object detection model28 on a synthetic dataset, to predict bounding
boxes to identify and localize traps. This approach also provides the
count and spatial distribution of traps. Full details on the synthetic
dataset, training procedure, and model predictions are provided in
the supplementary material. While this method offers some advan-
tages over thresholding—particularly in spatial resolution—it is not
without limitations: yielding some false positives and false nega-
tives and requiring far more computational resources. We present
results using both of these methods and discuss common trends and
discrepancies.

We performed dissipation scans on the samples at both positive
and negative tip biases. We observe variations in density of donor
traps (Fig. 2) among the samples but no variation in acceptor traps.
The ring area fraction in dissipation scans performed with positive
bias (i.e., acceptor traps) was found to be 0.25 ± 0.01 across all sam-
ples. This work primarily discusses donor-like traps and will simply
be referred to as traps.

The dissipation scans performed in this work were over areas
large enough (>600 × 600 nm2) to draw conclusions about the aver-
age trap density. Figure 3 shows the results from Otsu’s threshold
analysis. To estimate the variation in the ring density calculated
using Otsu’s threshold, we measured the variance in ring density in
1000 randomly placed quarter sections of the scans, with wrapped

FIG. 3. Binarizing the scans shown in Fig. 2 reveals the areas covered by the rings.
The uncertainties were calculated via a Monte Carlo windowing method, where
quarter frames of the scans were randomly selected and the standard deviation of
the measured ring areas was determined.

boundary conditions. Given the high density of rings, we deemed
these quarter sections to be representative of the overall cover-
age. Figure 4 shows the results using the YOLOv8 DL method.
By adding some randomness (using dropout layers during infer-
ence) to the YOLOv8 network, it can be approximated as Bayesian
approximation for deep Gaussian processes.29 This allows us to use
Gaussian statistics to estimate the uncertainties in the network’s
predictions.

In general, we observe a greater reduction in traps when there
is more hydrogen present in the sample processing, consistent
with previous studies that have demonstrated the H-passivation of
Si–SiO2 traps.8–12 We observe that in both the pristine silicon sam-
ples and the H-terminated samples, annealing in N2 + H2 forming
gas leads to a reduction in the density of traps compared to the non-
annealed and the N2-annealed samples. In addition, we observe that

FIG. 2. Negative bias dissipation scans reveal rings (blue
regions) due to donor traps. Scans were conducted at a
bias of −3 V and Δ f setpoint of −300 Hz. The scale bar is
200 nm. The fast scan axis is horizontal, and the slow scan
axis is vertical. The horizontal scan speed was ∼20 nm/s.
The scans in (a)–(c) were performed on the pristine silicon
samples, while the scans in (d)–(f) were performed on the
H-terminated silicon samples.

AIP Advances 15, 105024 (2025); doi: 10.1063/5.0283324 15, 105024-3

© Author(s) 2025

 

https://pubs.aip.org/aip/adv
https://doi.org/10.60893/figshare.adv.c.8070280


AIP Advances ARTICLE pubs.aip.org/aip/adv

FIG. 4. A YOLOv8 medium sized model was trained to predict bounding boxes for
rings in the dissipation scans shown in Fig. 2. The histogram shows the density of
bounding boxes predicted by this deep learning model. Uncertainties were calcu-
lated by integrating dropout layers into the model and using the method presented
by Gal and Ghahramani.29

the H-terminated samples have a significantly lower trap density
than the pristine silicon samples. There is no statistical difference
between the non-annealed and the N2-annealed samples.

There is an open question as to what happens to the hydro-
gen layer when the silicon capping layer is deposited after hydrogen
lithography in the H-terminated samples.30 We observe that the
H-terminated samples have the lowest trap density. The overall
reduction in trap density in the H-terminated samples relative to the
pristine silicon samples suggests that the additional hydrogen helps
further passivate donor traps.

To further validate the trends identified using the two methods
of image analysis, we performed manual ring counting on the scans.
A comparison of this manual counting to the two methods is shown
in Fig. 5. Otsu’s method follows a linear trend when compared to
manual counting, with a fitted slope of 590 ± 30 nm2, offering a good
conversion between ring area fraction and the number of rings. In
the case of DL vs manual counting, a line of slope 1 would indicate

FIG. 5. Comparison of the Otsu thresholding and the DL methods of quantifying
rings with manual counting. Uncertainties in the manual counting were assigned
by assuming a Poissonian distribution of rings. Each counting method was fit by a
linear function (solid lines). The Otsu thresholding method has a consistent linear
trend, with a fit slope of 590 ± 30 nm2. The DL method accurately detects the
number of rings in the scans with a large number of rings, while undercounting in
the scans with few rings. This is illustrated by the red dashed line, which has a
slope of 1. The high density counts are in good agreement with this line, while the
low density counts fall short of it.

perfect agreement. We find that the number of rings detected by the
DL method is in good agreement with the manual counting in scans
with a large number of rings, particularly the pristine silicon sam-
ples with no annealing and N2 annealing. However, the DL method
detects a large number of false negatives (i.e., some rings are not
detected), particularly in the dissipation scans of the H-terminated
samples. Thus, the DL method underestimates the trap density in the
H-terminated samples. This explains the discrepancy in the number
of rings detected between the Otsu thresholding and DL methods.
Further refinement of synthetic training data used in the DL method
could help reduce false negatives.

Despite these discrepancies, all approaches to assessing trap
ring density consistently showed that more hydrogen leads to greater
trap passivation. Further details about the DL method, Otsu thresh-
olding, and manual counting are provided in the supplementary
material.

IV. TWO-LEVEL TRAP DENSITY
Some rings present in the dissipation scans correspond to

defects that fluctuate between two levels, referred to as two-level
traps.4 In addition to studying the density of all traps, we also exam-
ined how sample processing influences the density of these two-level
traps. As the AFM tip moves across such a two-level trap, the trap
may switch states, resulting in a change in the measured dissipation.
This results in the corresponding dissipation ring to have a striped
appearance, with stripes oriented along the fast scan axis. Some of
these are highlighted in Fig. 1, and a close-up example is shown in
Fig. 6.

To assess the two-level trap density, we analyzed the second
derivative with respect to the slow scan axis of the dissipation
scans. Striped rings that correspond to two-level traps will appear
as regions with a large second derivative. We used a similar pixel
thresholding procedure as mentioned above to gauge how the den-
sity of two-level traps changes with sample processing. A quantifica-
tion of the two-level traps is illustrated in Fig. 7. We observe that in
the pristine silicon samples, annealing in N2 and N2 + H2 forming
gases reduces the number of two-level traps. As for the H-terminated
silicon samples, we observe a very small number of two-level traps

FIG. 6. Taking the second derivative along the slow scan axis (here, the y axis)
reveals the locations of two-level traps. (a) An example of a two-level trap visible
in Fig. 2(a). (b) Second derivative with respect to the slow scan axis of the image
in (a). A median filter was applied to join the pixels into one connected feature,
necessary for quantification of features. The result was thresholded to make the
region more prominent. The horizontal scan rate was ∼20 nm/s.
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FIG. 7. The histogram shows the spatial density of two-level traps across the sam-
ples. Given that very little overlapping or clustering of two-level traps was observed
in the second derivative images, quantification was performed by counting discon-
nected features in the images, rather than adopting the method of measuring the
areas of the features, used for Fig. 2.

across all three samples. These two-level traps can be passivated by
hydrogen, much like the static traps previously discussed.4

It should be noted that two-level traps occur with varying
switching rates and not all two-level traps present in the samples
are detected in the dissipation scans presented here. In particular,
two-level traps that switch much faster than the dwell time of the
AFM tip at each pixel and those that switch much slower than the
time required to scan an entire trap will not be distinguishable from
static traps in the dissipation scans. By using variable scan rates, it
may, therefore, be possible to detect the presence of two-level traps
at a wide range of frequencies. In this work, however, the scan rate
was kept constant, so the densities reported here are of two-level
traps with switching rates within a consistent range, allowing for
conclusions about the density trends.

V. CONCLUSION AND OUTLOOK
In summary, we investigated how the density of traps in the

Si(100)–SiO2 interface is processing, in particular, by exposure
to hydrogen. This was done by performing fm-AFM dissipation
scans on silicon samples processed in various forming gases and
H-terminated samples that had a layer of hydrogen below an epi-
taxially grown silicon layer. Using such AFM methodology allows
for nanoscale spatial imaging of traps. We verified that an increased
presence of hydrogen in the sample processing leads to greater passi-
vation of donor-like traps. This is especially evident in H-terminated
Si(100)-2 × 1 samples that are used for fabricating devices via hydro-
gen resist lithography. We found that such H-terminated samples
have significantly fewer traps than the pristine silicon samples, pro-
viding an answer to the open question of what happens to the
hydrogen layer once a silicon capping layer is deposited on top.
We conclude that this hydrogen contributes to the passivation of
donor-like traps. We did not observe changes in the acceptor-
like trap density; we, therefore, conclude that acceptor-like traps
are not passivated by hydrogen. We also examined the occur-
rence of two-level traps, which are known to contribute to random
telegraph noise in electronic and quantum devices4,31 and loss in
resonators and qubits.32 We observed that these two-level systems
were strongly suppressed in hydrogen-rich environments, with H-
terminated samples showing an 80% reduction compared to pristine

silicon. These trap density reductions suggest that HRL-fabricated
devices may exhibit improved electronic properties, such as lower
charge noise, increased carrier mobility, more stable threshold volt-
ages, and decreased leakage currents. This will benefit any devices
that need to be close to the surface and would thus otherwise be
exposed to increased defect-induced charge noise.

Our spatial determination of hydrogen’s role in trap passiva-
tion opens the door to examine other sample processing techniques
and investigating how they may influence trap density. For example,
halogens, such as chlorine, are being considered as an alternative
resist in hydrogen lithography.33 Using a different resist, such as
chlorine, may help improve the reliability of atomically precise dop-
ing of the Si(100) surface. However, it is unknown whether such
halogens can passivate traps as hydrogen does. Another silicon pro-
cessing technique that has shown promise for improving device
performance is annealing in deuterium rather than in hydrogen.13

The fm-AFM method used in this work could be used to investigate
how such sample processing techniques affect trap density on a local
scale.

More broadly, the fm-AFM methodology provides a non-
destructive, spatially resolved tool for probing defect landscapes in
nanoscale devices. As devices continue to scale down and incor-
porate quantum functionalities, the ability to directly measure and
localize interfacial defects will be essential. These capabilities will
be valuable not only for understanding defect dynamics but also for
guiding fabrication choices in both the semiconductor and quantum
technology industries.

SUPPLEMENTARY MATERIAL

See the supplementary material for details of the experimental
setup, analysis of trap densities, and other notes.
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