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Abstract—One big challenge of the emerging atomic 
precision advanced manufacturing (APAM) technology for 
microelectronics application is to realize APAM devices that 
operate at room temperature (RT).  We demonstrate that 
semiclassical technology computer aided design (TCAD) device 
simulation tool can be employed to understand current leakage 
and improve APAM device design for RT operation. To 
establish the applicability of semiclassical simulation, we first 
show that a semiclassical impurity scattering model with the 
Fermi-Dirac statistics can explain the very low mobility in 
APAM devices quite well; we also show semiclassical TCAD 
reproduces measured sheet resistances when proper mobility 
values are used. We then apply semiclassical TCAD to simulate 
current leakage in realistic APAM wires. With insights from 
modeling, we were able to improve device design, fabricate Hall 
bars, and demonstrate RT operation for the very first time.   

Keywords—atomic precision advanced manufacturing 
(APAM), room temperature operation, current leakage, 
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I. INTRODUCTION 

Atomic Precision Advanced Manufacturing (APAM) is a 
process of area-selective chemical incorporation of dopants at 
an atomic scale using the scanning tunneling microscope 
(STM) technique [1]. Expanding what APAM can do unlocks 
the door to revolutionary opportunities in microelectronics 
from the very physical limit of atoms [2]. Current APAM 
devices can only work at cryogenic temperatures which is 
sufficient for quantum computing applications [3]. However, 
to make any potential impact to microelectronics, APAM 
devices must work at room temperature (RT). To address this 
challenge, an interdisciplinary experimental and modeling 

team at Sandia National Laboratories work closely together to 
enable APAM devices towards RT operation.  

A typical APAM wire designed to operate at cryogenic 
temperatures is schematically shown in Fig. 1, where a 
phosphorous (P)-doped delta-layer using STM is capped by a 
silicon epitaxy layer to activate the P dopants and is contacted 
to heavily doped implant regions. The leakage paths through 
the substrate and cap layers are freeze-out at 4 Kelvin, but they 
become important at RT. How much leakage the parallel paths 
may have is a critical question to address in order to design 
APAM device for RT operation. TCAD device modeling can 
be very useful to help answer this question.  

Fig. 1. Schematic of APAM wire device with leakage paths denoted by 
yellow lines. Leakage paths through cap layer and substrate are freeze-out at 
4 Kelvin but become important at RT. 

II. APPLICABILITY OF SEMICLASSICAL SIMULATION

To assess the applicability of semiclassical TCAD
simulation to APAM devices, we first modeled electron 
mobility in a highly doped semiconductor using semiclassical 
scattering theory; then we simulated APAM wire sheet 
resistance using semiclassical TCAD simulation and 
compared with experimental data.  

Electron mobility extracted from Hall measurements of 
APAM n-type wires are known to have low values on the 
order of 50 to 100 cm2/(V.s) or less [5-8]. Hwang and Das 
Sarma [9] used a somewhat sophisticated two-dimensional 
(2D) treatment to model the electron mobility and achieved 
qualitative agreement with measured data. Nonetheless, we 
will show that by using the simple, semiclassical, 3D ionized 
impurity scattering theory, we can obtain electron mobility 
values that are not only qualitatively consistent with measured 
data, but also can reproduce the data with a single parameter. 

This work is funded under Laboratory Directed Research and 
Development Grand Challenge (LDRD GC) program, Project No. 213017, 
at Sandia National Laboratories. Sandia National Laboratories is a 
multimission laboratory managed and operated by National Technology and 
Engineering Solutions of Sandia, LLC., a wholly owned subsidiary of 
Honeywell International, Inc., for the U.S. Department of Energy’s National 
Nuclear Security Administration under contract DE-NA-0003525.  

This paper describes objective technical results and analysis. Any 
subjective views or opinions that might be expressed in the paper do not 
necessarily represent the views of the U.S. Department of Energy or the 
United States Government. 
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We started with the famous mobility Drude model [10], i.e., ߤ = ∗݉/ۧ〈߬〉ۦݍ , where ۦ〈߬〉ۧ denotes a specially defined 
averaged momentum relaxation time, ݉∗  is the conductivity 
effective mass [11]. The momentum relaxation time ߬	is  ଵఛ = ∑ ,ሬሬԦ)ܵ ሬሬԦᇲ(′ሬሬԦ ൬1 − ሬሬԦమ•ሬሬԦᇱ ൰ ൫1 − ൯,  (1)(′ሬሬԦ)݂

where ݂(ሬሬԦ′) is the probability that the state at ሬሬԦᇱ is occupied. 
The transition rate from an initial wave vector ሬሬԦ to a final ሬሬԦ′ 
can be computed using the Fermi’s Golden Rule as  

,ሬሬԦ)ܵ        (′ሬሬԦ = ଶగℏ หൻ߰ሬሬԦᇲหܪ௧ห߰ሬሬԦൿหଶܧൣߜ൫ሬሬԦᇱ൯ − ሬሬԦ൯൧,  (2)൫ܧ

where the ߜ[. ]  term ensures energy conservation. The 
interaction Hamiltonian depends on the scattering type.  

Due to the high doping in APAM devices, electron 
mobility is limited by ionized impurity scattering especially at 
low temperatures. Hence, we focus on the ionized impurity 
scattering only. By solving the Poisson equation for a n-type 
semiconductor, we obtain the screened electron-impurity 
interaction Hamiltonian as ܪ௧ = 	 ଶ݁ି/ವݍ ⁄(ݎ௦ߝߝߨ4) , 
with ܮ  being the Debye length [10] and ݍ  being the 
elemental charge. ܮ  is given by ܮ = ඥߝߝ௦݇ܶ ⁄(ߙଶ݊ݍ) , 
where ܶ  is the lattice temperature and ݊  is the electron 
density. Depending on the carrier statistics used in expressing 
the electron density when solving the Poisson equation, we 
obtain either ߙ = 1  for Boltzmann statistics, or ߙ =ℱିଵ/ଶ(ߟி) ℱଵ/ଶ(ߟி)⁄   for Fermi-Dirac (FD) statistics. ℱ(ߟி) 
is the Fermi-Dirac integral of the ݈ th order [12], and ߟி =ℱଵ/ଶିଵ (݊ ܰ⁄ ), the inverse of the FD integral of the 1/2 order, 
with ܰ  being the conduction band effective density of states. 

Assuming parabolic conduction band, empty final state 
(i.e., 1 − ݂൫ሬሬԦᇱ൯ ≈ 1 ), and weak energy dependence, we 
obtain the electron mobility due to impurity scattering as [10]  

ߤ  = ∗ ଵଶ଼ටଶగೞ∗ ఌబమఌೞమ(ಳ்)య/మరே୪୬(ଵାఊమ)ି ംమభశംమ൨ , ߛ = ଶವℏ ඥ6݇ܶ݉ௗ௦∗  .  (3) 

Here ݉ௗ௦∗  is the density-of-states effective mass, ௗܰ  is the 
doping density, ߝ௦  is the static dielectric constant. To 
compute the electron mobility as a function of doping density 
and temperature, we assume ݊ = ௗܰ  and use the effective 
masses of bulk silicon [11], i.e., ݉ௗ௦∗ = 1.08݉ and ݉∗ =0.26݉ . For the FD case, we also need to know the 
temperature dependence of ܰ . For parabolic conduction 
band in silicon,  ܰ(ܶ) is given by 

ܰ(ܶ) = 2.51 × 10ଵଽ ቀೞ∗బ ்ଷቁఉ = 2.82 × 10ଵଽ ቀ ்ଷ	ቁఉ,      (4)

where the second equal sign assumes ݉ௗ௦∗  is independent of 
temperature. For silicon,  ߚ = 1.5  is often assumed. The 
electron mobility due to ionized impurity scattering in silicon 
is plotted in Fig. 2 as a function of the donor density at three 
different temperatures. Clearly, in the low doping regime, both 
Boltzmann and FD statistics produce the same mobility, and 
the mobility is higher for higher temperature since hot 
electrons are less likely scattered by impurities. As the doping 
density increases, the Boltzmann assumption becomes invalid, 
which happens at lower density for lower temperature.  

Fig. 2. Calculated electron mobility vs. donor density at three temperatures. 
The circles were obtained using the Boltzmann statistics in computing ܮ 
(with ߙ = 1), while the solid lines were obtained using the FD statistics. The 
results were generated using β = 1.5 in computing ܰ(ܶ).  

It is noted that in the high doping regime, the electron 
mobility due to ionized impurity scattering alone indeed 
becomes small, on the order of 100 cm2/(V.s). Also note that 
the described mobility model is based on the 3D impurity 
scattering theory that is much simpler than the 2D model by 
Hwang [9]. A natural question is how the mobility values 
produced by this 3D scattering model compare with 
experimental data. In Fig. 3, we plotted the calculated mobility 
at high doping using three ߚ  values and compared with 
measured mobility in the literature. We found that by varying 
the ߚ  value slightly, the computed mobility values can 
reproduce the measured data surprisingly well. The variation 
of	ߚ value could be because the effective mass is temperature 
dependent [13].  

Fig. 3. Comparison of calculated electron mobility (solid lines) with 
experimentally extracted mobility (symbols) at 4 K. β is the exponent in (4). 
For comparison, the sheet doping density in experimental data was converted 
to 3D density assuming a 2-nm thickness.  

To further evaluate semiclassical TCAD applicability to 
APAM devices, we simulated a simplified APAM wire shown 
in the inset of Fig. 4, using Sandia’s open-source TCAD code, 
Charon [14-15], which is a 2D/3D, MPI-parallel, device 
simulation tool. The simulated sheet resistance versus the 
delta-layer doping density is shown in Fig. 4 and compared 
with cryogenic measurements by Goh et al. [6]. For 
comparison, the sheet doping density in Goh’s paper was 
converted to 3D doping density assuming a 2-nanometer (nm) 
thick delta-layer as used in Charon’s simulation. It is seen that, 
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by using the extracted mobility values from [6], Charon 
reproduces the sheet resistance vs. doping density well when 
compared to the experimental data. The curves also follow the 
classical sheet resistance vs. doping density well, i.e., ܴ௦ =1 ݍ ௗܰߤݐ⁄ , with t being the delta-layer thickness.  

Fig. 4. Simulated sheet resistance vs. delta-layer doping density and 
comparison with measured data by Goh et al. [6]. Note that Charon results 
have no temperature dependence because a constant mobility at a given 
doping density was used. Inset: simulated APAM wire with contacts 
connecting the left and right edges of the red delta-layer.  

From the above study, we see that the very low mobility 
in APAM wires can be explained using a simple 3D ionized 
impurity scattering model with the FD statistics. Furthermore, 
fast semiclassical TCAD simulation can reproduce sheet 
resistances of APAM wires, when proper electron mobility 
values are used, which can be obtained from either Hall 
measurements or a simple mobility model. While detailed 
quantum transport modeling may be intuitively more 
appropriate for cryogenic measurements, or given the tight 
confinement of electrons within the phosphorus layer, the 
above work indicates that semiclassical TCAD simulation 
provides a straightforward path to empirical understanding of 
APAM devices. In the following, we will apply semiclassical 
TCAD to realistic APAM devices to model current leakage 
and improve APAM device design for RT operation.   

III. MODELING ASSISTED APAM RT DEVICE DESIGN

To design a structure to overcome the limitations of the
device in Fig. 1, we apply Charon to model the current leakage 
through the p-type cap layer. The goal is to figure out what 
cap doping and thickness are needed to minimize leakage 
through the cap at RT. The simulated 2D structure is shown in 
Fig. 5, which represents a cross section of an APAM wire. 
Simulation results show hole current leakage in the cap layer 
is a trade-off between p-doping density and layer thickness. 
The current leakage for different cap doping and thickness is 
summarized in Fig. 6, where the leakage increases with 
increasing doping density and increasing thickness. The 
reason is that at a given thickness, the depletion width in the 
cap is smaller for a higher cap doping, and consequently more 
un-depleted holes lead to current leakage.  For 1018-cm-3 
doping and 30-nm layer, the leakage is negligible because the 
cap is fully depleted at this condition. This result is also 
consistent with the PN junction depletion approximation, i.e., 
the depletion width, ܹ = ඥ2ߝߝ௦( ௗܰ + ܰ) ܸ ݍ ௗܰ ܰ⁄ ≈38  nm for ௗܰ = 4 × 10ଶ  and ܰ = 10ଵ଼  cm-3, which is 
comparable to the 30-nm layer thickness. 

Fig. 5. Simulated 2D structure representing cross section of an APAM wire, 
where the delta-doped layer is approximated by a 5-nm doped region. 
Current leakage is simulated using the current difference between contacting 
and not contacting the cap layer. 

Fig. 6. Simulated current leakage as a function of the cap doping for cap 
layer thickness of 30 and 60 nm. 

From the above study, we learned that by choosing 
appropriate doping and thickness for the cap layer, we could 
minimize the cap leakage. While depletion of the holes in the 
cap can suppress the leakage through the cap, additional care 
must be taken to suppress the leakage channel through the 
substrate. Therefore, we also isolate the contact regions from 
the cap and substrate regions using field oxide to further 
reduce possible hole leakage at RT. Fig. 7 shows a cross-
section schematic of the modeling assisted new device design 
towards RT operation.  

Fig. 7. Cross-section schematic of the modeling assisted new device design 
for RT operation. The red line denotes an APAM n-type wire. The wire 
contacts are isolated from the cap and substrate regions by field oxide.  

Based on the device design in Fig. 7, we have fabricated 
Hall bar devices with and without the STM-doped delta layer. 
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A top view of the Hall bar is given in Fig. 8. Without the delta 
layer, the measured resistance at RT between the source and 
drain contacts (i.e., between contacts 4 and 8 in Fig. 8) is on 
the order of 300 MΩ, suggesting current leakage via the cap 
and substrate regions is minimal. With the delta layer, the 
measured wire resistance at RT is about 27 kΩ, close to the 
value of a similar APAM wire measured at 4 K. The delta-
layer sheet electron density is calculated to be about 8x1013 
cm-2 from four-probe measurement. This result also agrees 
with RT infrared measurements of the optical conductivity 
[16] of a similar APAM wire.  

 
Fig. 8. Top view of APAM Hall bar where the main wire is between 
contacts 4 and 8 indicated by the purple line. The wire is 500-µm long and 
20-µm wide. 

 
Fig. 9. Simulated 2D structure representing a 2-µm-long cross section of 
the RT Hall bar. The green solid lines indicate the source and drain Ohmic 
contacts. The isolation oxide between the cap and the Ohmic contacts is not 
included in the simulation since it does not affect current flow 

To correlate simulation with experiment, we set up a 
simulation structure shown in Fig. 9. The APAM wire is 4-
nm thick and its doping was set to 2x1020 cm-3 based on the 
measured sheet density of 8x1013 cm-2. Doping profiles from 
secondary ion mass spectrometry (SIMS) of similar samples 
were used in the source/drain and substrate regions. The cap 
layer thickness and doping in similar samples can vary 
significantly due to unintentional variation in the STM 
process. For simulation purpose, the thickness of the cap 
layer was set to a designed value of 30 nm, while the cap 
doping was assumed to be a nominal value of 5x1018 cm-3.  
Simulation was done using Charon [14]. Standard silicon 
models and parameters were used, e.g., the Slotboom model 
[17] for band gap narrowing, Shockley-Read-Hall (SRH) 
recombination, Fermi-Dirac statistics for high doping, and 
the Arora model [18] for carrier mobility. It turned out that 
the electron mobility computed using the Arora model is 
about 90 cm2/(V.s) in the APAM wire, which is in the 
measured mobility range shown in Fig. 3. The simulated 
resistance is 105 Ω for the 2-µm-long wire, leading to an 
extrapolated value of 26 kΩ for the fabricated 500-µm-long 
wire. Without any calibration, the simulated resistance agrees 
surprisingly well with the measured data. There was some 

uncertainty in the cap doping level in the fabricated device. 
However, our simulation results showed that, even for a range 
of two orders of magnitude difference in the cap doping, the 
simulated wire resistance was still on par with the measured 
value. This confirms that the current at RT is indeed mainly 
carried by the APAM wire and other leakage path is 
negligible.  

IV. CONCLUSIONS 

We have shown that the carrier transport in APAM devices 
can be modeled by semiclassical transport theory, especially 
at elevated temperatures, despite the nominally atomic 
monolayer doping. We showed that semiclassical TCAD 
simulation provided fast and instrumental insight to design 
APAM device for RT operation. With input from TCAD 
modeling, we have demonstrated RT operation of an APAM 
wire device for the very first time, which paves the path 
toward APAM enabled transistor for microelectronics.   
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