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The electrical resistivity of conventional metals, such as copper, is known to increase in thinner
films due to electron-surface scattering, limiting the performance of metals in nanoscale
electronics. Here, we uncover an exceptional reduction of resistivity with decreasing film
thickness in NbP semimetal, deposited at relatively low temperatures of 400 °C. In sub-5 nm thin
films, we find a significantly lower resistivity (~34 pnQ-cm for 1.5 nm thin NbP, at room
temperature) than in the bulk form, and lower than conventional metals at similar thickness.
Remarkably, the NbP films are not crystalline, but display local nanocrystalline, short-range
order within an amorphous matrix. Our analysis suggests that the lower resistivity is due to
conduction through surface channels, together with high surface carrier density and sufficiently
good mobility as the film thickness is reduced. These results and the fundamental insights
obtained here could enable ultrathin, low-resistivity wires for nanoelectronics, beyond the

limitations of conventional metals.

Ultrathin conductors with low electrical resistivity are important in our era of hyper-scaled
nanoelectronics (/): from metal interconnects for dense logic and memory (2, 3) to neuromorphic (4)

and spintronic devices (5, 6). Low resistivity allows lower voltage drops and lower signal delays,
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therefore reduced power dissipation at the system level (7). However, the resistivity of conventional
metals increases significantly in films thinner than the electron mean free path (few tens of nanometers
at room temperature) due to electron-surface scattering (8§). For example, the room temperature
resistivity of sub-5 nm thin Cu or Ru films is up to an order of magnitude larger than in bulk films (>
100 nm) (8—70). High electrical resistivity of ultrathin metals can be a key contributor to energy
consumption in dense logic and memory (/ 1, /2), ultimately limiting the performance of future, data-

driven applications (4).

In this context, topological Weyl semimetals NbP, NbAs, TaP or TaAs (/3—18) are promising
because they could carry current within surface states that are topologically protected from disorder
scattering (/9). Multi-fold fermion semimetals CoSi, RhSi, AIPt or GaPd have also been theoretically
predicted (20, 21) to benefit from surface conduction with suppressed scattering (20). In other words,
as the thickness of such semimetals is reduced, the surface contribution to conduction (22) could lead
to decreased overall resistivity (/2, 20, 23), whereas in conventional metals with nanoscale thickness
the electrons experience more surface scattering (8, /1, 24). For example, recent measurements of
high-quality crystalline NbAs displayed over 10x reduction in the resistivity of nanobelts (~2 pQ-cm
for ~250 nm thickness) compared to their bulk single-crystal counterpart (~35 pQ-cm) (23).

Surface-dominated transport has also been recently reported in amorphous Biz2Ses topological
insulator films (> 75 nm thick) without long-range order (25), while disordered Weyl semimetal WTex
films (26) have shown good charge-to-spin conversion and electrical conductivity, comparable to those
of crystalline WTez (27). Such experimental demonstrations with amorphous topological insulators
suggest the possibility of surface-state conduction in Weyl semimetals even in the absence of long-
range order. However, could disordered or nanocrystalline semimetals in ultrathin films (e.g., sub-5
nm) maintain surface-dominated transport and be used to realize low-resistivity materials beyond the
limitations of conventional metals? This remains an open question to date. Moreover, such non-
crystalline semimetals are much more likely to be compatible with modern semiconductor processing
and future scaled electronics, where limited thermal budgets (< 500 °C) pose significant challenges for

depositing single-crystal materials.

In this work, we uncover a reduction of electrical resistivity in non-crystalline NbP semimetal
with decreasing thickness down to ~1.5 nm. Importantly, we find lower resistivity in sub-5 nm thin
NbP films compared to their bulk crystalline counterparts, which we attribute to a proportionally higher

conduction through a surface channel in the ultrathin films. The NbP films were sputtered on sapphire
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Fig. 1. NbP/NDb thin film stacks and room temperature resistivity. (A) Schematic of the sputtered
NbP/Nb film stack. (B) High-angle annular dark-field (HAADF) scanning transmission electron
microscope (STEM) cross-section of an ~18 nm NbP/Nb film stack. The Al2O3 substrate, thin (~4 nm)
Nb seed layer, and SiNy capping can also be seen. (C) Zoomed-in STEM images show local short-
range ordering and nano-crystallinity within the amorphous NbP layer, as well as the crystallinity of
the Nb seed layer (see fig. S2 for other NbP thicknesses). (D) Room temperature resistivity vs.
thickness of NbP/Nb films (squares), and of control Nb films (triangles). The resistivity and thickness
of NbP plotted here includes the 4 nm Nb seed layer. NbP/Nb stack shows unconventional resistivity
scaling, i.e. the resistivity decreases in thinner films. Symbols and error bars mark the average and
standard deviation, respectively, across five samples of each film thickness. (E) Room temperature
resistivity vs. thickness of NbP/Nb stacks before (squares) and after (circles) subtracting the Nb seed
layer conduction contribution. Samples with two different Nb seed layers are shown: 4 nm (red) and
1.4 nm (violet). Unconventional resistivity scaling is noted for all films, both including and excluding
the Nb seed layer contribution. The horizontal axis represents either the total stack thickness (NbP +
Nb) or just the NbP thickness. (F) Room temperature resistivity vs. thickness for various materials.
Here, our sputtered NbP semimetal resistivity is shown after subtracting the conductance contribution
of the Nb seed; similarly, Cu resistivity is shown without the contribution of its liner and barrier layers
(28). Other films include Nb (from this work), Ta, crystalline topological insulator Bi>Ses (29),
nanocrystalline topological semimetals WTeyx and NbAs (23, 26), and topological metal MoP (30). The
arrow marks the best corner region of smallest resistivity at low film thickness. (c), (pc) and (nc) refer
to crystalline, polycrystalline and non-crystalline films, respectively. Our sputtered NbP displays
decreasing resistivity down to sub-5 nm thickness, with the lowest resistivity in ultrathin films.

(Al203) substrates at 400 °C, a temperature compatible with back-end-of-line (BEOL) (37)
semiconductor fabrication. As shown in Fig. 1A, a seed layer of Nb is used to reduce the lattice
mismatch between the substrate and the NbP films (32), and to promote local short-range order
(nanocrystallinity). All samples were capped in situ with a ~3-4 nm thin SiNx layer to limit surface

oxidation. (See Supplementary Materials and Methods: Materials Deposition and fig. S1, table S1.)
We used high-angle annular dark-field (HAADF) scanning transmission electron microscope (STEM)



to image the cross-section of the NbP/Nb thin films, revealing local short-range order and
nanocrystallinity within an amorphous matrix in the NbP layer, across various thicknesses (~18 nm in
Fig. 1B,C and figs. S2, S3 and ~1.5 to 4.3 nm in fig. S4). Energy dispersive spectroscopy (EDS) and
X-ray spectroscopy (XPS) analysis confirms the stoichiometry and the uniform distribution of Nb and
P within our sputtered NbP samples (fig. S5). STEM, EDS and XPS characterization methods are

detailed in Supplementary Materials and Methods: Materials Characterization.

We measured the in-plane electrical resistivity of our NbP/Nb heterostructures and control Nb
samples using standard Hall and eddy-current-based contactless measurement methods (33), with
details given in Supplementary Materials and Methods: Device Fabrication and Electrical
Measurement. The control Nb samples were prepared with the same deposition conditions as the Nb
seed layers beneath the NbP samples. Figure 1D shows that the measured total room temperature
resistivity of NbP/Nb films decreases from ~200 pQ-cm for ~80 nm thick NbP to ~51 pQ-cm for ~1.5
nm NbP (all on 4 nm Nb). We note that this resistivity includes the electrical and thickness contribution
of the 4 nm seed Nb layer. On the other hand, the resistivity of our control Nb metal films increases
dramatically as their thickness is reduced over the same range (also in fig. S6C). Measured temperature
dependence of resistivity in fig. S6D reveals metallic behavior (i.e. resistivity proportional to
temperature) in NbP films of 18 nm or thinner, here including the 4 nm Nb seed layer. In contrast, an
~80 nm NbP film (also on a 4 nm Nb seed) shows resistivity almost independent of temperature, a
signature of disorder or impurity-dominated bulk states (25, 34). The reduced resistivity of the thinner
NbP films suggests that there may be a non-negligible contribution from surface carriers to the total

conductance of these samples (29, 35, 36), which is explored in more detail in Fig. 3 below.

Figure 1E shows that the unconventional resistivity scaling with thickness in our NbP/Nb film is
preserved for varying thicknesses of Nb seed layer (here 4 nm and 1.4 nm). This decreasing resistivity
with decreasing film thickness is also observed when the conductance of the thin Nb seed layer (fig.
S6A) is subtracted from that of the NbP/Nb stack (fig. S6B), indicating that the NbP film is responsible
for the observed trend in Fig. 1E. (For comparison, we also prepared Cu/Nb films with similar
thickness, and fig. S7 shows their resistivity increases significantly as their thickness is reduced, both
before and after subtracting the conductance contribution of the 4 nm Nb. In other words, the Nb layer
does not influence the contrasting resistivity trend observed for NbP vs. Cu.) Figure 1E also reveals
that the resistivity of NbP on 1.4 nm Nb seed is higher than for NbP on 4 nm Nb seed, which we
attribute to relatively lower strain in NbP with the thicker Nb seed, as discussed further below. The



room temperature resistivity of our sub-5 nm thin NbP films on 4 nm Nb seed is < 50 pQ-cm, lower

than the crystalline, bulk (thick) NbP resistivity of ~60 to 70 uQ-cm (14, 32).

Figure 1F displays the scaling of room temperature resistivity vs. thickness in our nanocrystalline
NbP semimetal, revealing a trend unlike traditional metals such as Cu, Nb, Ta, and achieving one of
the lowest resistivities at sub-5 nm thickness. (We also quantify the total sheet resistance, Ro, vs.
thickness of various films in fig. S8, including their seed or barrier layers, if any. This reveals that as
total thickness decreases from ~20 nm down to ~5 nm, R- of conventional metals increases by 10-
100x%, but R- of topological semimetals increases by < 2x.) Previously, resistivity smaller than the
bulk resistivity has been detected in NbAs nanobelts (23), topological insulators like Bi2Ses (29) and
multifold fermion semimetal CoSi nanowires (37), though such films displayed greater crystallinity,
larger thicknesses, and were deposited at higher temperature (typically > 600 °C). Multilayer graphene
can also reach low resistivity in nanometer-thin films, but only with substantial doping (38, 39) and
high temperature growth and processing (40). In contrast, the low deposition temperature (400 °C) of
our nanocrystalline NbP films is compatible with industrial back-end-of-line processes, a key

advantage for integration into the state-of-the-art nanoelectronics (37, 41).

We also measured low resistivity and a similar resistivity scaling trend in our ultrathin NbP films
on different substrates such as MgO and SiO2/Si (fig. S9A), as well as with different capping layers
including SiOx and AlOx. In terms of stability, we have found that uncapped NbP thin films (~2.6 nm)
on 4 nm Nb measured in air show < 10% change of resistivity over four days (vs. ~90% change in 4
nm Nb metal films), indicating a lower surface oxidation of NbP (fig. S9B) which is also promising

for interconnect applications.

The resistivity of the sub-20 nm NbP thin films on 4 nm Nb seed is notably lower than that of
NbP on the 1.4 nm Nb seed. To understand this, we imaged ~2.6 nm thin NbP films on Nb seed layers
with 4 nm and 1.4 nm thicknesses (Fig. 2A and 2B, respectively) using atomic-resolution HAADF-
STEM. Zoomed-in STEM images and corresponding diffraction patterns show the presence of similar
nanocrystallinity within the amorphous matrices of NbP on both Nb seed layers (also see fig. S2 for
18 nm NbP films). Here, we note that both 4 nm and 1.4 nm Nb seed layers were crystalline, as shown
in fig. S3. NbP films are predominantly amorphous with several nanometer-sized crystalline regions,
regardless of the Nb seed layer thickness. Thus, the observed NbP resistivity scaling with thickness
(Fig. 1E) for varying Nb seed layers is unlikely to be affected by the microstructure of the NbP films.
The average lattice constant of our ~2.6 nm thin NbP film on 4 nm Nb seed layer (Fig. 2C) is ~3.34 A
(~3.33 A for ~18 nm NbP film, fig. S10A), close to that of single crystal NbP (42). However, Fig. 2D



and fig. S10B reveal that NbP film is strained, with higher average lattice constant (~3.41 A for ~2.6
nm NbP, and ~3.5 A for ~18 nm NbP) on the 1.4 nm Nb seed layer, which could cause the higher
resistivity (43, 44) for ultrathin NbP on 1.4 nm Nb seed layer (Fig. 1E).
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Fig. 2. Microstructure details of ultrathin NbP/Nb heterostructures. (A,B) HAADF-STEM images
and their fast Fourier transform (FFT) diffraction of 2.6 nm NbP films on (A) Nb seed layer with 4 nm
and (B) 1.4 nm thickness. Local nanocrystalline (short-range order) region of 2.6 nm thin NbP film on
(C) 4 nm Nb seed, showing NbP lattice constant ~3.34 A, close to its nominal value of ~3.332 A (42).
(D) Similar image on 1.4 nm Nb seed layer, revealing NbP lattice constant ~3.41 A, which indicates
NbP is strained on the thinner Nb seed. (E) Diffraction pattern of Nb seed layer and Al2O3 substrate.
Nb seed layers have an epitaxial relationship with the Al,O3; substrate — Nb (001) || Al203 (102). The
Al in Al203 (102) has a rhombus lattice tilted by 6° compared to Nb (001). (F) Lattice strain analysis of
2.6 nm NbP film on 4 nm Nb and (G) on 1.4 nm Nb from Fourier filtering the corresponding HAADF-
STEM images. The 1.4 nm Nb seed is strained laterally along the Al.O3 surface (yellow arrows). On
the other hand, accumulated strain is released in the 4 nm Nb seed by forming misfit dislocations (pink
arrows); the red dotted line marks the level of dislocations within the Nb seed. The colored images
display the strain mapping of the layers. The greater green proportion in the top plot marks a larger
unstrained portion of NbP on the thicker (~4 nm) Nb seed, compared to the thinner (~1.4 nm) one.

We further find (Fig. 2E) that the epitaxial relationship between the Nb seed and the Al20Os3
substrate is Nb (001) || Al203 (102). The Al in Al203 (102) has a rhombus lattice tilted by 6° compared

to the square lattice of the Nb (100) plane. As a result, in-plane misfit strain occurs between the Nb



seed and the substrate (see fig. S11). Increasing the Nb seed layer thickness generates misfit
dislocations within the Nb to release this strain energy. This can be observed in the films with ~4 nm
Nb seed in Fig. 2F, where the Nb lattice returns to its cubic structure with nominal lattice constant of
~3.332 A (42). For thinner 1.4 nm Nb seed, the misfit dislocations which can release stress are not
observed (Fig. 2G). This laterally strains the 1.4 nm Nb seed layer with a lattice constant of ~3.53 A,
close to that of the Al2O3 substrate and, consequently, the NbP films on the 1.4 nm Nb seed also display
lateral strain (Fig. 2D, fig. S10B). The strained NbP/Nb interface could also cause charge scattering,
further increasing the resistivity of the tensile NbP films (43, 44) on the 1.4 nm Nb seed (Fig. 1E).

As our next step, we wish to understand what causes the unusual resistivity scaling trend (vs.
thickness) in our NbP semimetal films. Previous reports have suggested surface-dominated conduction
in topological insulators (Bi2Ses) and topological semimetals (TaAs, NbAs) in their crystalline (23, 29,
35) as well as in amorphous or nanocrystalline Bi2Ses (25, 34) films, attributed to topologically
protected surface states. As the sample thickness is decreased, conduction dominated by such surface
states can explain the reduced resistivity of our thinner NbP films compared to their thicker
counterparts. To understand this, we performed temperature-dependent transport measurements for a
series of NbP thin films with varying thicknesses (~80 nm to ~4.3 nm) on 4 nm Nb seed using standard
Hall bar devices, as shown in Fig. 3A and described in Supplementary Materials and Methods.

The unconventional trend of decreasing resistivity with decreasing NbP/Nb sample thickness
persists across all temperatures probed, down to 5 K (Fig. 3B). The three thinner NbP/Nb films (4.3
nm, 9 nm, 18 nm NbP, each on 4 nm Nb) show decreasing resistivity with decreasing temperature, i.e.,
metallic behavior. In contrast, the thick NbP/Nb film (~80 nm NbP on 4 nm Nb seed) displays a
resistivity almost independent of temperature, a signature of disorder- or impurity-dominated bulk
states (235, 34). The reduced resistivity in the thinner NbP/Nb films that is maintained down to ~5 K

suggests a non-negligible contribution of surface conduction in these samples (29, 35, 36).

To obtain the conductance of the NbP layer (Fig. 3D), we subtracted the sheet conductance of the
4 nm Nb seed layer (fig. S6A) from the total sheet conductance of the NbP/Nb stack (Fig. 3C) over
the 5 K to 300 K temperature range. The extracted resistivity of the NbP layer also shows the
unconventional trend of decreasing resistivity with decreasing NbP thicknesses from room temperature
down to 5 K (Fig. 3E). To better understand the trend in Fig. 3E quantitatively, we fit the conductance
of the NbP layers (having various thicknesses) with both bulk and surface channel contributions to the
conductance across a wide temperature range of 5 K to 300 K (Fig. 3F, fig. S12 and fig. S13). We

assume that the NbP surface conductance contribution is constant with the sample thickness (further



details in Supplementary Materials and Methods: Surface and Bulk Conductance of NbP/Nb and
NbP Layer and fig. S12). As can be seen from Fig. 3F (and fig. S13), the bulk conductance of our
NbP films increases with increasing temperature from 5 K to 300 K, as expected for variable-range
hopping behavior in amorphous and nanocrystalline films (25). In contrast, the surface conductance
decreases with increasing temperature, a signature of metallic conduction (25, 29). As thickness goes
from ~80 nm to ~4.3 nm, the bulk contribution to the conductance decreases for thinner films. At low
temperatures we expect the hopping carrier transport to be small and nearly independent of sample
thickness. This results in conduction dominated by a surface channel at low temperature (e.g., < 50 K)

even in the thicker 80 nm NbP sample (25, 29).
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Fig. 3. Temperature-dependent transport of NbP/Nb and NbP. (A) Top view optical image of the
fabricated Hall bar with W = 100 um width and L = 400 ym length. The NbP is seeded by Nb and
capped by SiNy, as in Fig. 1B. (B) Temperature-dependent total resistivity of NboP/4 nm Nb, and (C)
temperature dependent sheet conductance of NbP/4 nm Nb samples with varying NbP thicknesses
(here 4.3, 9, 18, and 80 nm) on a 4 nm Nb seed. (D) Sheet conductance of the NbP layer of varying
thicknesses obtained by subtracting the conductance of the 4 nm Nb seed layer (measured separately,
fig. S4A) from the total sheet conductance of NbP/Nb films in C. (E) Temperature-dependent resistivity
of NbP films with varying thicknesses, from 4.3 nm and 80 nm (obtained using D). (F) Two-channel
conductance fit to the resistivity data in E, indicating a metallic surface channel (dashed line) and
disorder-dominated bulk conductance (solid lines). Here, we assumed the surface channel has zero
thickness, while fig. S13B displays the fit with a finite surface thickness =5 A, yielding a similar result.
(G) Calculated surface-to-bulk conductance ratio vs. temperature for our NbP films. The surface-to-
bulk conductance ratio increases as the NbP film thickness is reduced (indicated by the dashed black
arrow), across a wide range of temperatures. The region above the dashed line is dominated by
surface conduction.



We can also estimate the surface-to-bulk conductance ratio in Fig 3G, which reveals that all
thinner films (18 nm NbP or less) are dominated by their surface contribution up to room temperature.
We recall that the resistivity of our 4.3 nm NbP film is smaller than the bulk single-crystal NbP
resistivity (/4, 32), while the resistivity of our 80 nm NbP film is ~3% higher than the single-crystal
value. The lower resistivity of our thinner NbP is unlikely to arise from improved crystallinity, because
these films are predominantly amorphous with embedded nano-crystallites (Fig. 2A,B), and they show
higher conductivity than bulk single-crystal NbP.

We also estimated the bulk NbP conductance and the effective surface conductance of NbP (with
the Nb layer) from the total sheet conductance of the NbP/Nb samples vs. NbP thickness in fig. S14,
with the analysis detailed in Materials and Methods. Supplementary fig. S14A shows that the surface
conductance dominates the total sheet conductance for all NbP/Nb film stacks thinner than ~30 nm at
room temperature. Thus, overall, we can deduce that even in the presence of defects or disorder, the

higher conductivity in our thinner NbP/Nb films and NbP layers comes from a surface-like channel.

We now turn to Hall resistance measurements of our NbP films as a function of magnetic field in
Fig. 4A, at low temperature (5 K). To plot these, we subtracted the deduced Hall conductivity of the 4
nm Nb seed layer (fig. SISA) from that obtained for our stacks (fig. S15B). From Fig. 4A, the Hall
resistance is linear with magnetic field at all sample thicknesses, suggesting a single carrier dominates
transport in our NbP films (here, holes). Figure 4B displays the Hall resistance of our 4.3 nm thin NbP
vs. magnetic field, showing it is nearly independent of temperature between 5 K to 20 K. The extracted
sheet carrier density at 5 K in Fig. 4C decreases from ~10'® cm™ for 80 nm thick NbP to ~10'° cm in
4.3 nm thin NbP (see details in Supplementary Materials and Methods). This trend is consistent with
previous reports on thicker films of crystalline topological semimetals NbAs and TaAs (23, 35).

We note that the carrier density per unit volume in our NbP films (> 10?* cm™ in fig. S16) is higher
(45) than in NbP bulk single crystals (/4), but comparable to other topological semimetals such as ~70
nm thick NbP epitaxial films (> 10?* cm™) (32), textured and amorphous CoSi (46), and topological
metals like MoP (> 10 cm™®) (30). We also note that effective carrier density estimated from Hall
measurements in disordered or non-crystalline films, like our NbP, could be overestimated (and the
mobility underestimated) due to possible contribution from hopping-like transport (47). This has been
reported in organic semiconductors (47) and the topological insulator Bi2Ses, where the total carrier

density estimated in non-crystalline films was ~10% higher (25) than in its crystalline counterpart (29).
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The carrier density vs. thickness trend (Fig. 4C) allows us to estimate an average surface carrier
density of ~10'® cm™, i.e. the hole density in the limit of the NbP film thickness approaching zero; this
projected surface carrier density in our non-crystalline NbP is ~3x larger than what was estimated in
crystalline NbAs (23); however, it is consistent with the possibility of a higher apparent carrier density

from Hall measurements in a non-crystalline system, as explained above.
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Fig. 4. Hall measurements and carrier densities of our NbP films. (A) Hall resistance vs. magnetic
field for NbP films with varying thicknesses at 5 K. (B) Hall resistance of a 4.3 nm thin NbP film vs.
magnetic field at 5 K, 10 K, and 20 K. (C) Sheet carrier density (holes, extracted from Fig. 4A) shows
reduction with NbP film thickness. From the Hall coefficient vs. thickness fit in fig. S17 we estimate a
surface carrier density of 1.4 £ 0.4 x 10'6 cm-2, the sheet carrier density in the limit of zero NbP film
thickness; shaded purple region. (D) Mobility of the NbP films, showing an increasing trend with
decreasing thicknesses. The shaded region represents the range of the surface channel mobility, 9.4
+ 3.0 cm2V-1s, estimated from the surface carrier density. All data and estimates in this figure are
after subtracting the conduction contribution of the 4 nm Nb seed (see Supplementary Materials and
Methods and fig. $15) We note that including the conduction contribution of the 4 nm Nb seed layer
does not alter the carrier density and mobility trends shown in C, D (see fig. S18).

The estimated mobility at 5 K (Fig. 4D) shows an increasing trend with decreasing NbP thickness.
The effective mobility (at 5 K) of a 4.3 nm thin NbP film is ~7.4 cm?V™'s™!, approximately 50 times
greater than that of the 80 nm thick NbP film (~0.15 cm?V-!s™"). Using the extrapolated surface sheet
carrier density (Fig. 4C) and surface conductance (Fig. 3F), we estimate the mobility (see
Supplementary Materials and Methods) of the surface-like channel to be 9.4 + 3.0 cm?V-'s™!. This
higher surface mobility appears to enable the lower resistivity in our thinnest NbP films (Fig. 3E),
where conduction is dominated by surface rather than bulk channels (Fig. 3G). We recall that these
estimates were performed after careful subtraction of the 4 nm Nb seed layer contribution (fig. S6);
however, we find that the thickness-dependent carrier density and mobility trends shown in Fig. 4C,D

are maintained even when the Nb layer is included, i.e., in NbP/Nb heterostructures (see fig. S18).

What are the origins of the surface-like conduction in these ultrathin nanocrystalline films? This
remains a partly open question, but we suggest a few possible causes. One possibility is the formation

of disorder-tolerant Fermi arc-like surface states (23) even in non-crystalline topological materials (45,
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48); another cause may be the existence of an interfacial free-electron gas-like state (29) near the
NbP/Nb interface, where we observed local short-range ordering (Fig. 2A,B and fig. S4). For example,
topological surface states are expected to be metallic-like in nature (25) and less sensitive to disorder
scattering (19, 23). The estimated surface mobility (~9.4 cm*V-'s! at 5 K) of our non-crystalline NbP
films is much lower than that of crystalline NbP (~10° cm?V~'s™! at ~2 K) (/4) and topological insulators
such as Bi2Ses (~10° cm?V-'s! at 1.5 K) (29). However, the surface mobility in our films is comparable
with mobilities found in sub-10 nm thin polycrystalline Bi2Ses (< 10 cm*V-'s™! at 1.5 K) (29, 36) and
in thick amorphous Bi2Ses (< 20 cm?V's™! at 2 K) (25) with topological surface states. In the end, the
low resistivity of our ultrathin NbP films is caused by the combination of high surface carrier density
(~10'® cm?) and sufficiently good surface mobility. We also recall that the low resistivity is surface-
dominated and maintained up to room temperature in all sub-18 nm thin films (Fig. 3). Looking ahead,
we expect our work to motivate future efforts into imaging surface state dispersion in amorphous or
non-crystalline semimetals like NbP using surface-sensitive techniques such as angle-resolved

photoemission spectroscopy (ARPES) and spin-resolved ARPES (25).

In summary, we uncovered that the resistivity of amorphous or nanocrystalline films of NbP
decreases dramatically as the film thickness is reduced, which is a trend counter to that observed in
most common metals. The thinnest films (< 5 nm) display resistivities lower than conventional metals
of similar thickness, at room temperature. Measurements and modeling indicate that our NbP films
thinner than ~18 nm are dominated by surface conduction up to room temperature, which is the origin
of the apparent resistivity decrease in thinner films. Importantly, these films were deposited by large-
area sputtering at relatively low temperatures (400 °C), compatible with modern microelectronics
processing. These results and the fundamental insights obtained here could enable ultrathin topological

semimetals as low-resistivity interconnects in future high-density electronics and spintronics.
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Materials and Methods
Materials Deposition

In this work, we prepared four types of film samples:

1) NDbP/NDb films on insulating r-plane sapphire (Al203) or MgO substrates. These were sputter-
deposited at 400 °C (fig. S1, table S1), a temperature compatible with back-end-of-the-line
semiconductor fabrication. Direct current (dc) magnetron sputtering was performed at 20 W
power and 3 mTorr pressure. To reduce lattice mismatch between the substrate and NbP, we
first deposited a thin buffer (seed) layer of Nb between 1.4 to 4 nm thickness (/). Then, the
NbP film was deposited, ranging from 1.5 nm to 80 nm thickness, at a rate of 1.1 nm/min. The
Nb seed and NbP deposition were at 400 °C, a temperature which was optimized (in the 300

to 800 °C range) to produce films with lowest resistivity.

2) NbP/Nb films on SiO2 (amorphous) on Si substrates. The NbP thickness was 2.6 nm and 4.3

nm, the Nb seed thickness was 4 nm, and depositions conditions were as stated above.

3) Cu/Nb films with 4 nm Nb seed layer, on r-plane sapphire. The Nb seed was deposited as

stated above, and Cu metal films (2.5 nm to 20 nm thick) were sputtered at room temperature.
4) Nb films on r-plane sapphire with the same thickness as the Nb seed layers used for NbP.

All film samples in this work were capped with 3 to 4 nm thin SiNx layer, deposited at room

temperature, to prevent surface oxidation. All layers were deposited without breaking vacuum.
Materials Characterization

We used a double spherical aberration (Cs) corrected transmission electron microscopy (Themis Z,
ThermoFisher Scientific) with an 80 pm resolution and an acceleration voltage of 200 kV. For the
atomic-resolution imaging with high angle annular dark field (HAADF) scanning transmission electron
microscopy (STEM), we used a probe convergence angle of 15.3 mrad and the inner collection semi
angles of 70 mrad and 200 mrad. Energy dispersive spectroscopy (EDS) with four windowless
detectors (SuperX(G2) was used for the composition mapping of our NbP samples. X-ray photoelectron
spectroscopy (Thermo Fisher Scientific, NEXSA) was performed with 400 pm? of X-ray spot size and
1000 eV ofion gun energy.

Device Fabrication and Electrical Measurement

After film deposition, the substrates were cut into rectangular shapes (7.5 x 8.5 mm?). On these, we

patterned standard Hall bar devices (Fig. 3A) using direct-write lithography (Heidelberg MLA 150)



followed by reactive ion etching of the SiNx/NbP/Nb stack. For the reactive ion etching, we used 30
sccm Cl2/ 10 scem CHa4, 60 W RF power at a pressure of 10 mTorr. Contacts were directly wirebonded
(punching through the thin SiNx capping layer) to the top and side Hall bar edges. All temperature-
dependent electrical transport measurements (5 to 300 K) were performed under vacuum in a Quantum
Design Dynacool system, using the geometry shown in Fig. 3a. Magnetoresistance measurements used
magnetic fields up to + 9T in the out-of-plane direction. Additional room temperature electrical
resistivity measurements (Fig. 1d,e) were performed in a Lakeshore 8404 Hall measurement system

and an LEI1500 Eddy current system.
Surface and Bulk Conductance of NbP/Nb and NbP Layer
We can write the total sheet conductance, G (in S-0) of our NbP/Nb films at temperature 7 as:

Gty By ) = Grp(taps 1) +\Gb(tbs I+ GS(T)} (1)
GNbP

Where G is the Nb seed layer conductance, Gb is the bulk NbP conductance, Gs is the NbP surface
conductance, b and # are the Nb seed layer and NbP film thickness, respectively. Here, Gb = av(7)t,
is the product of the bulk NbP conductivity and the NbP thickness.

From the total sheet conductance G of NbP/Nb films with varying thicknesses (Fig. 3C, fig. S6B),
we can extract the bulk and surface conductance contributions of the NbP/Nb heterostructure at

different temperatures (fig. S14) by rearranging eq. (1):

Gty th T) = Gy, T) + \GNb(th’ D+ Gs(T)/ 2)

Gs,NbP/N b

Where, the extracted Gsnoeao 1S the ‘effective’ surface conductance which includes the conduction

contribution of the bottom NbP surface and the 4 nm Nb seed layer.

Next, we calculated the conductance of the NbP layer (Fig. 3D) by subtracting the conductance
of the Nb seed layer (measured separately, fig. S6A) from the total sheet conductance, G of NbP/Nb
films (Fig. 3C) using Gnoe = G(tn, 1, T) - Gro(tnb, 7). We then extract the 7-dependent resistivity (pv=
tv/Gnoe) of four different thicknesses of NbP (s = 4.3, 9, 18, 80 nm) (Fig. 3E) and subsequently
estimated ov(7) and Gs(7) from Gnoe = ov(T)t + Gs(7) (fig. S12A, Fig. 3F, fig. S13A).

Instead of an ideal two-dimensional surface with thickness # =0 A (as in fig. S12A), if we assume

that NbP has a finite surface thickness s = 5 A (fig. S12B), the total conductance of NbP is Gnwp =



ov(T)(to — ts,) + os(T)ts. In this case, the estimated bulk and surface conductance of four different
thicknesses of NbP films are shown in fig. S13B, between 5 K to 300 K. Here, the bulk conductance
increases with temperature from 5 K to 300 K. In contrast, the surface conductance decreases with
increasing temperature, and as the NbP is thinned from 80 nm to 4.3 nm, the bulk channel contribution

to the conductance decreases for thinner films.
Carrier Density and Mobility Estimation

We estimate an effective sheet carrier density (in cm™) n = 1/(gRu), where g is the elementary charge
and Ru is the Hall coefficient (slope of the transverse Hall resistance Rxy vs. magnetic field B at 5 K
temperature, in Fig. 4A) shown in fig. S17. From the estimated carrier density » (here, holes) and the

sheet conductance of NbP (Gnor) we obtain an effective mobility u = Gnoe/(gn).

The longitudinal sheet conductance Gnoe = ovts + Gs and the transverse (Hall) conductance Gxy =
(ovts + Gs)*/[B(ov’t’Rup + Gs*Rus)], where Rusand Rup are the Hall coefficients of the surface and
the bulk charge carriers (holes), respectively. We can rearrange this expression as Ru = 1/(gn) =
1/(BGxy) = Rub (ovtv)*(ovto+ Gs)? + Ruis (Gs)*(ovto+ Gs) . When the film thickness approaches zero, we
can write Ru(fb — 0) = Rup X 0 + Rus X 1 = Rus. In other words, as #» approaches zero, BGs = 1/Russ.
Then, from the measured Hall coefficient Ru vs. NbP thickness, we can estimate Rus by finding the #
— 0 limit of Ru (fig. S17). To estimate the uncertainty of this approach, we used the measured Ru of

our thinnest NbP film (here 4.3 nm) as a lower bound for Russ.

We can estimate the surface mobility, us= Gv/(qns), where ns = 1/(qRu,s). To extract the carrier
density and mobility of NbP, we subtract the Hall conductance of the 4 nm Nb seed layer (fig. SISA)
from that of the NbP/Nb film stacks (fig. S15B), using Gxy.nop = Gxy— Gxy.Nb, Where Gxy is the measured
total Hall conductance of the NbP/4 nm Nb film, and Gxy,nb is the Hall conductance of our reference 4

nm Nb seed film.

We repeated our transport analysis of Fig. 4 in the main text without subtracting the contribution
of 4 nm Nb seed, as shown in fig. S18. Here, we find that even for the NbP/Nb heterostructures, the
transport trends described in Fig. 4 from the main text (e.g., carrier density, mobility) remain
unchanged. NbP/Nb heterostructures (including 4 nm Nb seed) also show a decreasing carrier density,

and an increasing mobility with decreasing total stack thickness.



A B (1)Q Cleaning of substrate
[acetone, 2 minutes sonication, isopropyl alcohol, N, dry]

(2) Q In-situ annealing of the substrate (400 °C, 40 minutes)

(3)© DC sputter deposition of Nb seed layer (400 °C)

(4) @ DC sputter deposition of NbP (400 °C)
(5)Q Anneal at 400 °C for 10 minutes
(6)@ Sequential cooling-annealing

(3 minutes annealing after every 25 °C decrease in temperature)

(1)@ Capping with insulating SiN, at room temperature
(without breaking the vacuum)

Fig. S1. Materials deposition steps. (A) Schematic of the NbP semimetal stack on top of a thin
Nb seed layer. (B) Sputtering steps which form the NbP thin film stacks. The chamber base
pressure was kept below 5 x 10 Torr. See Materials and Methods: Materials Deposition
section for additional details.

Material Power Pressure Gas flow (sccm) Temperature
W) (mTorr)
Nb o
(seed layer) 30 (DC) 3 Ar: 20 400 °C
NbP 15 (DC) 3 Ar: 20 400 °C
SiNx .
(capping layer) 100 (RF) 4 Ar: 30 Room temperature

Table S1. Materials deposition parameters. Sputtering parameters for various materials used
in this work. DC: direct current, RF: radio frequency.



NbP 18 nm / Nb 4 nm NbP 18 nm / Nb 1.4 nm

Ims. High resolution HAADF-STEM and
zoomed-in images and corresponding diffraction patterns for (A) 18 nm NbP film on a 4 nm Nb,
and (B) 18 nm NbP on a 1.4 nm Nb seed layer, showing a similar nano-crystallinity of the NbP
films near the NbP/Nb interface for both 4 nm and 1.4 nm Nb seed layers. We note that the Nb
seed layer shows a comparable crystalline quality as the control films (fig. S3), and its resistivity
is much higher in the thinnest films (see Fig. 1D) compared to that of the NbP/Nb stack.



1 nm

Fig. S3. STEM and diffraction patterns of control thin Nb films. High-resolution HAADF-STEM
and diffraction patterns of (A,B) a 4 nm Nb, and (C,D) a 1.4 nm Nb film showing a similar degree
of crystallinity compared to the Nb seed layers in the NbP/Nb stack.
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Fig. S4. STEM characterization of NbP films on 4 nm Nb seed. Zoomed-in HAADF-STEM
images of (A) 1.5 nm, (B) 2.6 nm, and (C) 4.3 nm NbP films on a 4 nm Nb seed layer showing
the presence of local short-range ordering and nano-crystallinity (red-box panels) within the
amorphous NbP film matrices. Red and blue box panels display representative nano-crystalline

and amorphous regions, respectively.
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Fig. S5. EDS and XPS characterization of NbP/Nb film. (A,B) Energy dispersive spectra (EDS)
line scans showing the atomic ratio between Nb and P in our NbP film (here ~18 nm) to be close
to 1. (C) EDS compositional mapping performed from HAADF-STEM confirming the homogeneity
of Nb and P across the NbP sample. The presence of C and O elements in EDS characterization
could be due to hydrocarbons adsorbed onto the sample surface, and surface oxidation during
sample preparation. XPS spectra of an 18 nm NbP/4 nm Nb film (after 120 s etching): (D) Nb 3d,
(E) P 2p, (F) O 1s, and (G) C 1s core levels, display no significant carbon incorporation and a
small percentage (~4 %) of O inside the NbP layer.
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Fig. S6. Temperature-dependent electrical measurement of Nb and NbP/Nb
heterostructure. Temperature-dependent sheet conductance of (A) control 4 nm Nb and (B)
NbP/Nb films with varying NbP thickness (here 4.3, 9, 18, and 80 nm) on a 4 nm Nb seed. (Note,
this is the same figure as Fig. 3C in the main manuscript, repeated here for convenience.)
Temperature dependent resistivity of (C) control 4 nm Nb and (D) NbP/Nb films with varying NbP
thickness (here 4.3, 9, 18, and 80 nm) on a 4 nm Nb seed. We note the resistivity in D is the total
resistivity for the entire thickness of the sample (i.e., 8.3 nm to 84 nm), including the contribution
of the 4 nm Nb seed layer. The control 4 nm Nb sample in A,C was prepared with the same
deposition conditions as the 4 nm Nb seed layer under the NbP samples in B,D. The Nb seed
layer is on the same sapphire substrate, capped by SiNx (see Materials and Methods, page 2).
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Fig. S7. Electrical Resistivity of Cu/Nb and NbP/Nb stacks. Room temperature resistivity vs.
thickness of Cu/(4 nm Nb) heterostructures before (squares) and after (circles) subtracting the Nb
seed layer conduction contribution. Unlike NbP/(4 nm Nb) heterostructures and NbP layers (after
subtraction), the resistivity increases with decreasing total thickness for both Cu/(4 nm Nb)
heterostructures and the Cu layers (using identical subtraction scheme). The resistivity of the Cu
layer (after subtraction) as well as the resistivity vs. thickness trend are in agreement with the
reported literature (2). We also note that in the Cu/Nb heterostructures, the bulk-like value nearly
recovers the bulk resistivity of Cu (few pQ-cm). Both types of films are capped in situ with the
same SiNy layer (~3 nm) as described in Materials and Methods.
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Fig. S8. Room temperature (T = 293 K) sheet resistance R, vs. total thickness for various
materials including our sputtered NbP semimetal (with 4 nm Nb seed), conventional metals like
Cu (with liner and barrier, hollow triangles) (2), control Cu with Nb seed (from this work, filled
triangles), Ta, Nb (from this work), other topological insulators (e.g., Bi.Ses) (3), topological
semimetals (nanocrystalline WTey) (4, 5), and a topological metal (MoP) (6) from the literature.
Here, sheet resistance Ry = Rmeas (WIL), where Rmess is the measured resistance, L and W are
the length and width of the samples, respectively. The sheet resistance of topological semimetals
(NbP, WTey) and topological insulators (Bi.Se3) display a slowly increasing trend with decreasing
thickness (shaded red and orange). In contrast, the sheet resistance of conventional metals
increases much more strongly with decreasing thickness (shaded light blue trend), a bottleneck
for future nanoelectronics. For a thickness decrease from ~20 nm down to ~5 nm, the sheet
resistance of traditional metals increases by ~10x to 100x, whereas the sheet resistance of
topological semimetals (and insulators) increases by only < 2x, demonstrating the unique
potential of such materials in achieving low resistivity even at their ultra-scaled thicknesses.



13

A 150 NbP on 4 nm Nb seed B : ' T T
T L T 2 -
_ 8 10 A - —A-M - - - - A
£ 125 | 1 =
o X
% 100 | g <
> 75| X 2.6 nm NbP
E g Substr?es o g 10 (on 4 nm Nb seed)
(2] L r-sa Ire o |
2 50 ; pphire (A:0s) 1 L ,0--_o--0--0
i ¢ Mgo R (> 2
2519 Si/Sio, " uncapped, measured in air
0 1 1 - 100 ! ! X
0 5 10 15 20 0 24 48 72 96
Thickness (nm) Aging time (h)

Fig. S9. Electrical resistivity measurement of NbP. (A) Resistivity versus thickness of NbP
films on Al,Oj3 (sapphire), MgO and SiO,/Si substrates. (B) Percentage change in the resistivity
versus aging time for a ~2.6 nm thin NbP and a control 4 nm Nb metal films measured in air. po
is the resistivity measured immediately after deposition of the films, and p is the resistivity
measured after aging time steps. All the measurements (A,B) are taken at room temperature.
NbP thin films were sputtered on 4 nm Nb seed layer. We subtracted the thickness and
conductance contribution of the 4 nm Nb seed layer from the NbP/Nb stack.
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Fig. $10. Microstructure details of NbP/Nb heterostructures. Local nanocrystalline (short-range
order) region of ~18 nm thin NbP film on (A) 4 nm Nb seed, showing NbP lattice constant ~3.33 A,
close to its nominal value of ~3.332 A. (B) Similar image on 1.4 nm Nb seed layer, revealing NbP
lattice constant ~3.5 A, which indicates ~18 nm NbP is strained on the thinner Nb seed.
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Fig. S11. Strain and lattice constant of NbP on different Nb seed layers. (A) Atomic projection
of Nb [010] and Al,O3 [211]. (B) Atomic-resolution HAADF-STEM image of A. (C) Atomic
projection of the Nb atoms in Nb (100) on Al atoms in Al,O3 (102). We assume that the distance
of Nb-Nb (original distance = 3.32 A) is the same as that of Al-Al (3.53 A). (D) Wide projection
view of (C) which shows the Moiré fringe. Nb in Nb (100) plane has a square lattice, while Al in a-
Al,O3 (102) has a rhombus lattice tilted by 6° compared to the square, which is clearly shown in
the diffraction pattern using Fourier transform in Fig. 2E. Even if the atomic distance is the same,
the coherency is periodically broken and misfit strain occurs in-plane, which is observed by Moiré
pattern in projection of Nb (100) plane and a-Al;O3 (102) plane in fig. S8D. Thus, the interface
between Nb (100) and a-Alz03 (102) is semi-coherent interface [2] and misfit dislocation should
be introduced to release the strain energy as the thickness of Nb increases. The misfit dislocation
is introduced at every 6 nm on the calculation by lattice mismatch and the Moiré distance due to
lattice distortion is 3 nm. In our case, misfit dislocation was found at ~4 nm distance.
Consequently, after the insertion of dislocation at ~1.5 nm thickness of Nb layer, the Nb lattice
releases the compressive stress and returns to the original cubic structure with a = 3.32 A. In the
case of the 1.4 nm Nb sample, misfit dislocation releasing the stress could not be observed within
the Nb film, which means that the compressive stress due to lattice tensile (a = 3.53 A) remains
in 1.4 nm Nb film.
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Fig. S12. Surface- and bulk-channel conduction estimation for NbP. The total sheet
conductance, Gnop Of our NbP sample with a thickness f, can be modeled as Gnwe = Go(h, T) +
Gs(T), (A) Considering zero surface thickness, i.e., ideal two-dimensional (2D) surface with a
sheet conductance Gs. (B) Considering a finite surface thickness t; = 5 A with Gnwe = ou(T)(t - £5)
+ Gs(T), where Gs = osts. The 2D surface carrier density is ns, the surface carrier mobility is us, Gp
is the bulk NbP conductance, G; is the NbP surface conductance, and T is the temperature. The
bulk conductivity is oy (the inverse of resistivity, 1/p,) and the surface conductivity is os.
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Fig. S13. Bulk and surface conductance fits for NbP. NbP bulk conductance and surface
conductance for varying thicknesses of NbP films vs. temperature considering (A) an ideal 2D
surface with zero surface thickness, and (B) a finite surface thickness t;= 5 A for NbP.
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Fig. S14. Temperature-dependent transport of NbP/Nb heterostructure. (A) Room
temperature sheet conductance of NbP/ 4 nm Nb heterostructures vs. NbP thickness. Red dotted
line is a fit to the total sheet conductance of the NbP/ Nb heterostructures. NbP bulk conductance
and ‘effective surface conductance’ (NbP surface conductance and 4 nm Nb seed conductance)
are obtained through this fit (Materials and Methods section: Surface and Bulk Conductance of
NbP/Nb and NbP Layer). The black arrow shows that the surface conductance dominates the
total sheet conductance at room temperature for NbP/Nb films thinner than ~30 nm. (B)
Temperature dependent sheet conductance of NbP / 4 nm Nb samples with varying NbP
thicknesses (here 4.3, 9, 18, and 80 nm) on a 4 nm Nb seed. (C) Two-channel conductance fit
(Materials and Methods: Surface and Bulk Conductance of NbP/Nb and NbP Layer) to the data
in fig. S14B for various film thicknesses, indicating a metallic surface-channel (dashed line) and
disorder dominated bulk channel conductance (solid lines). (D) Surface to bulk conductance ratio
versus temperature for our NbP/Nb samples, showing that with decreasing film thicknesses,
surface to bulk conductance ratio increases (indicated by the arrow). The region above the
dashed line represents the surface conductance dominated area.
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Fig. S15. Magnetic field dependent Hall resistance measurements for Nb and NbP/Nb. Hall
resistance versus magnetic field of (A) control 4 nm Nb at 5 K and 20 K temperatures and (B)
NbP/ 4 nm Nb samples for varying NbP thicknesses (80, 18, 9 and 4.3 nm) on a 4 nm Nb seed
(at 5 K temperature). The control 4 nm Nb sample in A was prepared with the same deposition
conditions as for the 4 nm Nb seed layer beneath the NbP samples in B.
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Fig. S16. Total effective carrier density for NbP. Estimated total carrier density (holes, per unit
volume) (extracted from Fig. 4A) for various NbP film thicknesses. The corresponding sheet
carrier density (in cm) is shown in Fig. 4C. We note that total effective carrier density from Hall
measurements in non-crystalline or disordered systems (as our non-crystalline NbP) could be
overestimated (and the mobility underestimated) due to possible contribution from hopping-like
transport (7). A similar observation has been reported in other systems such as organic
semiconductors (7) and the topological insulator Bi;Ses, where the total carrier density in non-
crystalline Bi.Se; was estimated ~10x larger (8) compared to its crystalline counterpart (3).
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Fig. S17. Hall coefficient measurements for NbP. Measured Hall coefficient versus thickness
of NbP films. Red line is a fit to the data extracted from measurements. Based on this fit, the
purple dotted line represents the Hall coefficient when the NbP sample thickness - 0. As a
conservative estimate for such a scenario, the Hall coefficient of the thinnest NbP sample (here,

4.3 nm) is defined as a lower bound (the bottom of the shaded purple region) for the Hall
coefficient.
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Fig. $S18. Magnetic field dependent transport of NbP/ 4 nm Nb stacks. (A) Hall resistance
versus magnetic field for NbP/ 4 nm Nb films at 5 K temperature. (B) Measured Hall coefficient
versus thickness of NbP/ 4 nm Nb film stacks. Red line is a fit to the data extracted from
measurements. Based on this fit, the purple dotted line represents the Hall coefficient when the
NbP/4 nm Nb stack total thickness = 0 (similar approach as in fig. S17). (C) Two-dimensional
(sheet) carrier density (extracted from fig. S17A,B) showing a decrease in the carrier density with
decreasing NbP/4 nm Nb total film thicknesses. The shaded purple region represents the sheet
carrier density in the limit of zero NbP/ 4 nm Nb total film thickness. (D) Mobility of the NbP/ 4 nm
Nb samples showing an increasing trend with decreasing total sample thicknesses. The shaded
region represents the range of the surface channel mobility, estimated from the surface carrier
density. As the films get thinner, the total mobility approaches the surface channel mobility. Thus,
the inclusion of the 4 nm Nb seed layer conductivity contribution to the NbP films does not alter
the trends discerned in Fig. 4. We note that carrier density estimated from Hall measurements in
non-crystalline or disordered systems could be overestimated (and the mobility underestimated)
due to possible contribution from hopping-like transport (7).
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