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Electron transport in laterally confined phosphorus o layers in silicon
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Two-dimensional electron systems fabricated from a single layer of P-donors have been lithographically
confined to nanometer scale in lateral directions. The electronic transport of such quasi-one-dimensional
systems with and without a perpendicular magnetic field was characterized at cryogenic temperatures. Experi-
mental data fit well with two-dimensional weak localization and interaction theory when the phase coherence
length is shorter than the smaller dimension of the confinement. Below a transition temperature the wire

conductance saturates.
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Since Mott and Twose' proposed that electrons moving in
a one-dimensional (1D) static potential would be in localized
states if there were any disorder in the potential, enormous
endeavors and substantial progress have been made to under-
stand the electron transport in reduced dimensions.>3 In par-
ticular, advanced lithographic techniques have made it pos-
sible to fabricate nanometer-scale metallic 1D systems. The
phase coherence lengths obtained from magnetoresistance
(MR) measurements of <100-nm wide AL* Ag,* Cu,> Au,>®
Au-Pd,” and Bi (Ref. 8) wires have confirmed the prediction
of Al'tshuler ef al.® that quasi-elastic electron-electron inter-
action (Nyquist scattering) is the dominant phase-breaking
mechanism in 1D at low temperatures. Besides directly de-
positing thin metal wires on nonconducting substrates,
quasi-1D systems can also be realized by constricting a two-
dimensional electron gas (2DEG) formed in semiconductors.
The Nyquist mechanism has also been observed in narrow Si
inversion layers in metal-oxide-semiconductor field effect
transistors (MOSFETs)'%"" and etched GaAs/AlGaAs
heterostructures.'?

Degenerately 6-doped Si is another 2DEG system. Pat-
terned O layers have been proposed for sources/drains in
field-effect transistors and tunneling devices.!> More impor-
tantly, they may offer the possibility of 3D integration. In
this work, we report studies of electron transport from 2D to
quasi-1D & layers (henceforth, P-donor wires) embedded in
crystalline Si. Unpatterned P & layers, fabricated by adsorb-
ing PH; molecules on pristine Si(100)-2X 1 surfaces fol-
lowed by low-temperature Si epitaxial growth, have demon-
strated characteristic MR of 2DEGs up to electron densities
of 2X 10" cm™2.'* More recently, P-donor wires have been
fabricated by two different contact schemes and successfully
characterized by /- V and MR measurements.'>!® We find the
wire resistance increases logarithmically at higher tempera-
tures, but saturates below a transition temperature that is cor-
related to the width of the wire.

Characterization of the P J-layer was conducted on
samples with 8-contact-Hall-bridge mesa configurations
etched out from p-type Si(100) substrates. The effective
width (W) and length (L) of the Hall bridge is ~1 and 5 mm,
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respectively. Below 20 K the substrate acceptors are frozen
out and the P &-layer is electrically isolated from the bulk. At
0.3 K, the typical sheet resistance is ~1.4 k{)/sq. Since
Ry /R <3X 1073 in the entire magnetic field range, we con-
sider G=1/R,, throughout this work. Hall measurements de-
termined the electron density to be ~1.3X 10" cm™ with a
mobility ~34 cm?/V s. The mobility is relatively constant in
the temperature range between 0.3 and 20 K. A layer of
P-atoms in Si can create strong electrostatic confinement of
the donor electrons. A theoretical study!” shows that at a
P-density of 0.2 monolayer, ~35% of these electrons reside
in a twofold degenerate I'-valley with in-plane effective
mass m" =0.21m,, and the remaining in a fourfold degenerate
A-valley with in-plane effective mass m"=0.45m,, giving a
total effective mass ~0.37m,. The Fermi level is ~0.1 eV
below the bulk conduction band minimum and ~0.26 eV
from the bottom of the I'-valley. These values, together with
the Fermi wave number ~1.6 X 107 cm™! and average elastic
scattering time (7)~ 6.3 fs, determine the diffusion coeffi-
cient (D) ~7.9 cm?/s, and mean free path (/)~3.2 nm.

The correction to classical conductivity due to enhanced
scattering in a disordered system is a combination of (non-
interacting) quantum interference effects and electron-
electron Coulomb interaction effects. We will first consider
the interference (weak localization) effect which is dictated
by the phase-breaking time 7, Conventionally, the phase
coherence can be broken by inelastic electron-electron
interaction, spin-orbit interaction, and magnetic impurity
scattering.'® Assuming the magnetic scattering and spin-orbit
interactions are negligible in Si (which will be justified
later), 7, is governed by the inelastic scattering time 7;. The
conductance changes of a 2D sample in a perpendicular mag-
netic field at a fixed temperature can be written in terms of
digamma functions ¢:"°
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where 73=%/2eDB is the magnetic scattering time, g, is the
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FIG. 1. Change in conductance of a P J-layer in a perpendicular
magnetic field. From top to bottom, 7=0.596, 1.00, 1.55, 2.80, 5.00,
8.04, 11.5, 15.1, and 19.0 K. Inset: phase coherent length vs 712,

valley degeneracy, and « varies between 1 and 1/g,, depend-
ing upon the extent of intervalley scattering.”’ Figure 1
shows the conductance change of a é-layer sample at various
temperatures in a perpendicular magnetic field. The conduc-
tance increases with magnetic field due to the breaking of the
time-reversal symmetry that induces localization. At a suffi-
ciently strong field and low temperatures, i.e., 7<73<Ty,
the first digamma function in Eq. (1) is close to a constant
and the second one is reduced to In B. When the temperature
increases, T decreases and the transition to In B dependence
shifts to higher fields as can be noted in Fig. 1. For a constant
temperature, the interaction effect is not a sensitive function
of a weak field; hence, we can determine ag, and 7, experi-
mentally by fitting the B<1 T portion of the data to Eq. (1)
at each temperature. We found that «g,=1.95+£0.07 at 19 K
and 1.27+0.08 at 0.3 K. These results are consistent with
the expectation of stronger intervalley scattering at low
temperatures.’**! By fitting data to Eq. (1), we can also ex-
tract the phase coherence length, [,= \“”D'T(b. We find [,
T2 a5 expected from both 2D weak localization and in-
teraction theories.2 For 7<20 K, both l;é and the electron-
electron interaction scale Iy (I;=\#D/kgT) are much longer
than the estimated vertical electron distribution of the
P-donor layer (<2 nm),'” so the 2D nature of the o-layer is
established.

In addition to localization, we need to consider the effect
of electron-electron interactions. To the lowest order, the 2D
conductance corrections due to interaction and weak local-
ization are additive. In zero field, the quantum correction to
conductance can be written as”

2
AG(T)=G(T) - G(Ty) = i(%)[agup + nzn]ln(%),
(2)

where p originates from the temperature dependence of 7;
(7;¢T7P) and is determined to be 1 from the earlier discus-
sion, while 7, represents all of the interaction contributions.
The In T behavior of the conductance change of the & layers
is clearly revealed in Fig. 2. Since the magnetic length
VhleB<I 4 1n a7 T field in the temperature range between
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FIG. 2. (Color online) Temperature dependence of the conduc-
tance of the P &-layer.

0.3 and 20 K, the weak localization effect can be ignored and
the slope of the 7 T line yields 7,5,=0.90+0.01 from Eq. (2),
which is in line with the result of Sb &-layer.?! At high field
and low temperatures, including the Zeeman splitting, 7,p
can be expressed as 2—(1+2/F)In(1+F/2), where O<F
<1 is the screening factor.> Given 7,,=0.90, we find F
=0.43, suggesting that the screening in the &-layer is not as
efficient as in 3D metallic systems. Applying the values of
m7p and p to the zero field data in Fig. 2, we can determine
ag,=0.63, roughly consistent with the results of MR.

The P-donor wires were made from two-terminal device
templates consisting of 200 pairs of pre-implanted As contact
lines.!> Low-temperature surface preparation in ultrahigh
vacuum?? and scanning tunneling microscope e-beam pat-
terning of H-resist?® are used to define the wires between a
pair of contact lines. PH; adsorbs only in the H-desorbed
region and hence creates the P-donor wires after Si overlayer
growth and activation anneal. The As-implanted contact lines
are shown to form ohmic contact with & layers.!> The wire
resistance is thus determined by a two-terminal method. The
three P-donor wires that we report here are fabricated with
W=50, 95, and 200 nm and a common L=750 nm. The para-
sitic resistance of As-lines spreads from 100 to 220 k{) with
a median of 132 k(), measured by test samples, and only
increases by 0.8% from 20 to 0.3 K as depicted in Fig. 3(a).
This result indicates that the degenerately doped As-lines are
indeed like 3D metals. After subtracting the parasitic resis-
tance [determined self-consistently from Eq. (2)] from the
total resistance, the temperature dependence of the conduc-
tance change (relative to the conductance at 20 K) of the
three P-donor wires is presented in Fig. 3(a). The P-donor
wires clearly exhibit two temperature dependencies. At
higher temperatures, say 7> 6 K, all three wires behave like
2D 6 layers. Indeed, if we use the same values of 7, and
ag,p obtained from the &-layer for both zero and 7 T data
and the slope of AG(T) for the 95 nm wire, Eq. (2) yields
W/L=0.12, almost identical with the designed value. The
slopes of the 50- and 200-nm wire lead to W/L=0.087 and
0.23, corresponding to a possible 65- and 170-nm physical
width, respectively. From the inset of Fig. 1 we find [,
<39 nm for 7>6 K; hence l¢,< W and the wires are effec-
tively two-dimensional at sufficiently high temperatures.
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FIG. 3. (Color online) (a) Temperature dependence of the con-
ductance change from 20 K of the 50-, 95-, and 200-nm P-donor
wire, and the As* implanted electrodes at zero field. (b) The tem-
perature dependence of the resistance of the 50-nm wire at 0 and
7 T magnetic field.

When the temperature decreases below 2.75, 1.23,
or 0.59 K, the conductance saturates for the 50-, 90-, and
200-nm wire, respectively. The 2D coherence lengths at
these temperatures are 66, 107, and 164 nm comparable to
the corresponding wire’s physical width. Comparing R(T) of
the 50 nm wire in 0 and 7 T fields in Fig. 3(b), we can
conclude that the conductance saturation is a combination of
localization and interaction effects and the difference of the
saturated resistances can be attributed to localization effects.

If the conductance correction of the wires follows the 1D
equation®

el

AG= TZ[zagvl¢+ Mplrl, (3)

where the first term is from localization and the second term
from interaction, we expect a 7% dependence of [, (Ref. 9)
and T~ dependence of I;. Conductance saturation thus im-
plies saturation of both [, and [;. Figure 4 shows the total
MR (including the parasitic MR) of the 50-nm wire un-
changed below 2.5 K, indicating that 7, indeed saturates. In
addition, the negative MR implies negligible spin-orbit inter-
action in our samples.

The saturation of 7, has been observed in many experi-
ments at ultra-low temperatures® and extensively reviewed.?
A prominent culprit, magnetic impurities, however, is un-
likely to be in our samples, because, as demonstrated in Ref.
5, even with magnetic impurities the wire resistance still var-
ies as 77'2 from the interaction term in Eq. (3). We believe
that electron heating is not the reason because the R(T) curve
does not change when the driving voltage was reduced from
10 mV to 10 uV and the /- V characteristics are linear up to
at least 10 mV. The decoupling of electron-electron thermal
equilibrium from the thermal bath due to a lack of electron-
phonon scattering? cannot explain the fact that the same
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FIG. 4. Temperature dependence of the magnetoresistance of the
50 nm P-donor wire including parasitic resistance of the As-
implanted contact.

R(T) can be obtained by either cooling down, heating up or
staying at 0.3 K for hours. We also have verified that it is
unlikely to have parallel leakage pathways in our systems,
because (1) both *He and *He cryostat generate nearly iden-
tical R(T) for T>1.6 K, and (2) the templates have been
screened to have over 100 G{) resistance between contacts
before nanofabrication in vacuum. If PH; exposure creates
unintended 1D or 2D conduction pathways, we should ob-
serve their characteristic temperature dependence. Since both
the /,’s and [;’s are within 30% of the designed widths of the
P-donor wires when the resistance becomes saturated, we
speculate that it is the diffusive boundary of the wires that
sets the coherence and interaction length scale. Note that the
confinement of the & layer electrons is estimated to be much
weaker in the lateral directions than in the vertical
direction.'® The extended lateral boundary with low electron
density could dominate inelastic scattering that limits the
quantum correction to the conductance. Applying the param-
eters obtained from o layers and the boundary limited /,’s to
Eq. (3), we find the saturated resistance change between 0
and 7 T of both the 95- and 200-nm wire is within a factor of
3 of the experimental data and a factor of 10 for the 50 nm
wire. Resistance saturation in quasi-1D systems near 1 K has
also been observed in Bi wires,® and multi-walled carbon
nanotubes,”®?’ but a comprehensive theoretical understand-
ing is still in order.

In conclusion, we have shown that a single layer of P
atoms embedded in a Si crystal along the (100) direction
indeed forms a 2DEG system. As in many other 2DEG sys-
tems, the electron phase coherence length varies as 7-'/? and
the resistance has a In 7" dependence. After confining the &
layers into quasi-1D wires, both the phase coherence length
and the electron-electron interaction cutoff seem to be lim-
ited to the wire width and the wire conductance saturates.
More work is required to understand the transport physics of
the very narrow & layers and to improve the conductance for
broader device applications.
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