Controlled removal of hydrogen atoms from H-terminated silicon surfaces
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The controlled formation of dangling bond structures on a H-terminated silicon surface is the first step in an atomically
precise method of fabrication of silicon quantum electronic devices. An ultrahigh vacuum scanning tunneling micro-
scope (STM) tip is used to selectively desorb hydrogen atoms from a Si(100)-2x 1:H surface by injecting electrons
with the sample held at a positive bias voltage. We propose a lithography method that allows the STM to operate
under negative bias imaging conditions and simultaneously desorb H atoms as required. A high frequency signal is
added to the negative bias voltage to deliver the required energy for hydrogen removal. The resulting current at this
frequency and its harmonics are filtered to minimize their effect on the operation of the STM’s feedback control loop.
We show that the chance of tip-sample crash during the lithography process is reduced by employing this method. We
also demonstrate that this approach offers a significant potential for controlled and precise removal of H atoms from a

H-terminated silicon surface and thus may be used for the fabrication of practical silicon-based atomic-scale devices.

I. INTRODUCTION

Imaging at the atomic-scale is achievable by the scan-
ning tunneling microscope (STM), an instrument that oper-
ates based on the quantum mechanical phenomenon known
as tunneling!. An ultrahigh vacuum (UHV) STM can be em-
ployed to investigate chemical, physical, and structural prop-
erties of a surface as well as to perform lithography with
atomic resolution’>. Due to the unique role of silicon in
the semiconductor industry, considerable research has been
devoted to performing lithography on hydrogen-passivated
Si(100) surfaces®. Hydrogen atoms can be selectively re-
moved and replaced with specific atomic species to achieve
the desired properties, thanks to the binding chemistry of
silicon®!!. The ability to fabricate atomic scale devices and
integrate them with conventional electronics on the same Si
substrate makes this method a candidate technology for fabri-
cation of next-generation electronic devices'>~14.

There are two different mechanisms for hydrogen depassi-
vation lithography (HDL) which are represented by two dis-
tinct regimes as a function of sample bias>®!>. In the high-
voltage (6-10 V) regime, the electron’s energy can exceed the
threshold energy of the Si-H bond causing the removal of hy-
drogen atoms from the surface®. In the low-voltage regime
(<6V), higher currents are needed for depassivation. There
are also studies that report performing HDL at negative sam-
ple bias voltages'®. Compared to the positive bias case, sig-
nificantly higher bias voltages (-4 V to -10 V) and tunneling
currents (1-10nA) are required at negative voltages'®. This
can adversely affect the tip resolution!.

The precise removal of hydrogen plays a crucial role in the
fabrication of atomic scale devices. The lateral resolution in
high-voltage regime is limited to approximately 5nm'”'%. On
the contrary, resolution down to the atomic level are achiev-
able in low-bias mode!®. This has led to the development of
feedback controlled lithography (FCL) to controllably remove
one hydrogen atom at a time*. Upon the removal of a hydro-
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gen atom from a H-terminated silicon surface, a sudden in-
crease of tunneling current is observed due to the bare silicon
atom’s higher local density of states compared to the hydro-
gen. The controller compensates for this jump in the tunneling
current in order to maintain the current setpoint value. Ly-
ding used this signature of a desorption event to selectively
remove single hydrogen atoms*. FCL works by actively mon-
itoring the topography signal and the tunneling current, and
terminating the lithography process as soon as a desorption
event is detected either as a spike in the current, or a step in
topography?’. This prevents the unintentional depassivation
of nearby atoms*, and improves the lithography precision.

In conventional methods of HDL, the setpoint current and
bias voltage of STM are substantially changed to switch from
the imaging to the lithography mode. This alters the operat-
ing point of STM and manifests itself as a change in the low
frequency gain of the system. Later in this paper, we demon-
strate that the low-frequency gain of the system may more
than double during this switch. Such a large variation in gain
adversely affects the stability and performance of the STM for
which PI gains are already tuned, and in turn increases the risk
of a tip-sample crash. If the tip crashes at any point during the
HDL process of a given surface or device, the entire sample
is usually rendered unusable. Here, we report how depassi-
vation of hydrogen atoms may be achieved while maintaining
the set current and voltage of imaging mode. This decreases
the chance of a tip-sample crash by eliminating the switching
step between the two modes of operation. This is particularly
effective for the removal of single H atoms, and thus we have
developed the voltage-modulated feedback-controlled lithog-
raphy (VMFCL) method based on Lyding’s FCL method to
selectively remove single hydrogen atoms.

1.  EXPERIMENT AND METHODS

The experiments described here were performed at room
temperature with a home built UHV STM?! having a base
pressure as low as 10~ Torr. A 20-bit digital signal proces-
sor (DSP) with a sampling frequency of 100 kHz, commer-
cially known as Zy Vector, is used for control purposes.
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FIG. 1. Block diagram of STM Z-axis with simplified tunneling cur-
rent model. C(s), G(s), Gp(s), and G4 (s) are controller, high volt-
age amplifier, Z axis actuator, and preamplifier.

To prepare the H-terminated Si(100) sample, a 4 x 8 mm?
piece of 1 ohm-cm boron-doped wafer is cut and solvent
cleaned. After introduction to UHV, the sample is degassed
at 650°C for 8 hours and then is flashed to 1250°C for 30s
to remove the surface oxide film and any surface carbon con-
tamination. This flashing is repeated 3 times, and then the
surface is cooled to 350°C. To saturate the surface with H
atoms, the clean Si(100) surface is exposed to a flux of atomic
H from a 1300 °C tungsten filament for 4 minutes, while it is
maintained at 350°C. The filament cracks the background H;
molecules which land on it into atomic H. We have used tung-
sten tips in this work, which are prepared using electrochemi-
cal etching followed by field directed sputter sharpening??.

An approximate expression for the tunneling current shows
the dependence of the electrical current on the tip-sample volt-
age difference in addition to an exponential dependence on the
tip-sample gap. This well known model is expressed as>32:

i~ f(v,pr,ps)e” 0PVOS (1)

In this model, f is dependent on the density of states (DOS)
of the tip and the sample as well as the voltage difference be-
tween the two. Here, ¢ is the barrier height in electron volts,
and § is approximately the tip-sample gap in Angstroms.

As the tunneling current is in the range of few nano am-
peres, a preamplifier with the gain of & is used to amplify the
current and convert it to a measurable voltage. A block dia-
gram of the simplified model is shown in Fig. 1. To linearize
the model, the natural logarithm of the current is taken after
it is amplified by the preamplifier. By taking the natural log-
arithm of the current, we will have access to a variable that
changes linearly with the tip-sample gap. Thus, by regulat-
ing this variable we may regulate the gap, assuming that the
remaining parameters are constant.

tn(ki) = tn(kf (v, pr,p5)) — 1.025/9 8 ()

By comparing the frequency responses of the STM obtained
from successive measurements, we observed that the low-
frequency gain of the open loop system is changed by vary-
ing the bias voltage or setpoint current. This is expected since
in Eq. 2 the barrier height is dependent on the tunneling pa-
rameters. In [24], we showed that the STM feedback control
loop could experience instabilities if this gain is increased ap-
proximately by a factor of two. Here, we measure variations
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FIG. 2. DC gain changes when the STM is switched from the imag-
ing mode to lithography mode, and vice versa. Exp-01 and Exp-02
show lithography at positive and negative bias voltages, respectively.

in the low-frequency gain of the STM as it is switched from
imaging (Vpjos = —2.5V and [, = 1 nA) to lithography mode,
and then is switched back to imaging mode. The results are
shown in Fig. 2. We repeated this experiment for both lithog-
raphy modes at positive (Vjies = +4V and L, = 3nA) and
negative (Vp;,s = —7V and I, = 3nA) sample bias voltages,
denoted by Exp-01 and Exp-02 in Fig.2, respectively. The
low-frequency gain was increased almost two times in Exp-01
and ten times in Exp-02 after switching to lithography mode.
This clearly shows that the chance of control loop instabil-
ity leading to a tip-sample crash is significant in conventional
methods of lithography.

During normal STM operation, only low frequency current
measurements play a role in the construction of the surface
topography image. Considering that the normal closed-loop
bandwidth of STM is only a few hundred Hertz, a large por-
tion of the frequency band remains intact. This bandwidth
may be simultaneously used for other purposes without dis-
turbing the normal operation of the STM. This possibility
motivated us to propose a method for performing HDL that
enables us to eliminate the conventional switching step from
imaging to lithography mode. In this approach, the lithog-
raphy is performed with the parameters conventionally used
during the imaging mode. To perform lithography with a neg-
ative sample bias voltage and at a normal tip-sample gap, a
sinusoidal voltage with a frequency of ® is added to the set-
point DC bias voltage. The effect of this dither signal can be
measured as a current with the frequency of @ and its har-
monics, as expected from Eq. 1. To minimally disturb the
tip height but not excite the scanner resonant dynamics, the
modulation signal frequency is set to be beyond the controller
bandwidth but lower than the resonance frequency of the scan-
ner. In addition, to ensure that the controller does not respond
to the dither frequency, notch filters are incorporated in the
feedback loop before taking the natural logarithm of current,
attenuating the current at the frequency of @ and its first few
harmonics. This enables us to manipulate the bias voltage and
consequently the tip-sample current without affecting the con-
troller, ensuring that the tip-sample gap remains unchanged.

Electrons tunnels out of the newly-exposed silicon dangling
bond instead of the silicon-hydrogen bond following depassi-



vation of a hydrogen atom. This results in a step change in the
DC tunneling current. The controller adjusts the tip-sample
distance to maintain the setpoint value, therefore the depassi-
vation shows up as a spike in the current or a step jump in the
height. The possibility of detecting an individual desorption
by monitoring the current or height motivated us to design
an automated hydrogen removal routine, voltage-modulated
feedback-controlled lithography (VMFCL). Fig. 3 shows the
process flowchart. First, the surface is scanned and the desired
coordinates are selected for hydrogen removal. Then the tip
is moved to the first coordinate and a high frequency voltage
is added to the DC bias voltage. The dither voltage is ramped
up gradually toward the final value, while the height is moni-
tored. The height threshold (&) is defined as a step change in
the height above which an atom of hydrogen is considered to
have left the surface. The height threshold should be carefully
selected because a large threshold increases the possibility of
missing a desorption event while a small threshold may lead to
a false detection. Once a step change in the height is detected
or the dither voltage amplitude has reached its final value, it is
immediately ramped down to zero and the tip is moved to the
next coordinate.

Ill.  RESULTS AND DISCUSSION

To examine the effect of the modulation voltage amplitude
on hydrogen depassivation, the STM tip was moved along a
dimer row at a speed of 0.1 nm/s. The sample voltage is -2.5 V
plus the modulated voltage. The controller adjusts the tip-
sample height to maintain a 1 nA DC tunneling current. The
closed-loop bandwidth of our STM is approximately 200 Hz.
The modulation frequency is selected as 1kHz, higher than
the closed-loop bandwidth and lower than the first resonance
frequency of the scanner. Five notch filters at 1 kHz, 2 kHz,
3kHz, 4kHz, and 5 kHz are incorporated into the feedback
loop to attenuate the effect of the AC voltage on the mea-
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FIG. 3. Automated hydrogen removal process using VMFCL.
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FIG. 4. (a) STM image after lithography. The tip path is shown by
a green rectangle, moving from left to right. (b) The dither voltage
amplitude and the filtered current.

sured current. Consequently, the controller output will not
be affected by the modulation signal or its harmonics. This
ensures the feedback loop will operate under imaging condi-
tions. Rather than the VMFCL approach described in Fig. 3,
the modulation amplitude is increased from OV to 1.5V dur-
ing the first 75 s and then it is kept constant at 1.5 V. Therefore,
considering the -2.5V bias voltage, the actual sample voltage
varies from -4V to -1 V when the modulation voltage ramps
all the way up to its final value. Fig. 4a shows an image of the
resulting topography. The tip trajectory along the dimer row
is shown with a green rectangle, moving from left to right.
The first depassivation occurs when the tip has moved about
5.7nm along the dimer row. At this point, the amplitude of
the modulation voltage has reached 1.15 V. Fig. 4b shows the
measured current after the notch filters as well as the mod-
ulation voltage amplitude as a function of time. Depassiva-
tion events cause spikes in the current signal. The first spike
occurs at about 57 s, which matches the location of the first
depassivation in the STM image. Frequent subsequent depas-
sivations happened along the tip’s path after the first depassi-
vation, which is evident in Fig 4, showing that the modulation
voltage amplitude has reached the necessary threshold needed
for the depassivation. The current spike close to t=100s is
noticeably larger than others. Close examination of the exper-
imental results reveals that this is due to an unexpected sudden
decrease in the tip-sample gap. The controller remains stable,
however, and quickly compensates for this drop in height.
Fig. 5(a) and 5(b) show single hydrogen removal from the
H-terminated silicon surface using the VMFCL method. The
sample bias voltage and the setpoint tunneling current are set
to -2.5V and 1 nA, respectively. Once the tip reaches a de-
sired position, a 1 kHz modulation voltage is added to the set-
point bias voltage and the amplitude ramps up from zero to
1.5V over 10 seconds. As a depassivation is detected or the
modulation amplitude reaches its maximum value, the ampli-
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FIG. 5. The STM image of a Si(100)-2 x 1:H passivated surface (a) before and (b) after depassivation using VMFCL. Each desorption event
is numbered in (b) and its corresponding displacement in the Z direction is shown by the same number in (c). Also, the tunneling current (d)
after and (e) before the notch filters are measured. The removal of a hydrogen atom is detected as a jump in the current or the height.

tude ramps down to zero in 0.1 seconds. The height signal
is averaged for 20 ms before being compared with the height
threshold (6), which increases the accuracy of jump detection
by reducing the noise. The threshold for a jump to be consid-
ered a successful desorption event is set to 0.3 A. As shown in
Fig. 5(b), all the hydrogen atoms have been precisely removed
from the surface using this method. The displacement of the
Z positioner is also shown in Fig. 5(c) in which depassivation
events are shown with red arrows. The current increases as
soon as a hydrogen atom leaves the surface and the controller
moves the tip further away from the sample to maintain the
setpoint current. This step jump in the height is used to iden-
tify the desorption event. The current after the notch filters
and the sample bias voltage are shown in Fig.5(d). We ob-
serve that all depassivation events were identified except for
the third one. The bias voltage modulation amplitude ramps
down to zero as soon as a hydrogen atom leaves the surface
and the tip is moved to the next coordinate, where another
jump appears in the current and height. This jump can be as-
sociated with changes in tip-sample height as the tip moves
to the new location and is not related to hydrogen depassiva-
tion. Whenever a hydrogen atom desorbs from the surface,
the amplitude of the modulation bias voltage has a value in
the range of 1V to 1.5V. The current before the notch filters
is also shown in Fig. 5(e). As explained earlier, adding a mod-
ulation to the sample bias voltage induces oscillations with
the same frequency in the current. Oscillations are not visible
in the figure because their period is relatively small compared
to the scale of the X-axis. In the inset of Fig. 5(e), there is a

zoomed view showing a depassivation event. Current oscilla-
tions due to the application of the modulated voltage and the
current jump resulting from the hydrogen atom removal are
clearly visible in the inset.

IV. CONCLUSIONS

By adding a high-frequency voltage modulation to the DC
setpoint, we were able to develop an alternative method for
STM-based HDL at room temperature. This method can be
implemented on most STM systems with a small modifica-
tion to their software. This method has two advantages over
conventional HDL. First, we were able to perform lithogra-
phy on H-terminated Si while maintaining a well-controlled
tip-sample distance using a negative sample bias voltage as
in imaging conditions. This enhanced stability would reduce
the probability of tip crashes and increase the tip’s lifetime.
Second, the early results of this method of HDL indicate a
higher spatial resolution than conventional HDL as the expo-
sure when moving slowly along a dimer row as in Fig. 4 is
typically single H atoms, rather than whole dimers. An auto-
mated workflow for the removal of single H atoms was also
implemented, which was used to create near-perfect dangling
bond structures at room temperature by selectively removing
single H atoms at predefined locations. Precise removal of
single hydrogen atoms may enable fabrication of devices with
atomically precise features, e.g. identical qubits for quantum
computation?®. The throughput of this method can also be im-



proved by integrating it with parallel STM tips?’-?, bringing
the next-generation electronics into existence. Having demon-
strated proof-of-principle of this lithography method, more re-
search is needed to fully understand the underlying physics, to
explore practical applications, and to determine the yield and
the error rate associated with this technique. Varying the am-
plitude and frequency of the voltage modulation, the effect
of having the modulated voltage be positive for a short time
each cycle, and the speed of the tip motion may all have an
effect on the size of the exposure zone and the depassivation
efficiency. Furthermore, this method may also be applicable
to other material systems, such as Cl-terminated Si(100) sur-
faces described by Dwyer and co-authors??, selective removal
of H atoms from adsorbed molecules such as PH3, or other
systems where the standard HDL method is ineffective.
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