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Weak localization in back-gated Si/Sj/Gey 3 quantum-well wires
fabricated by reactive ion etching
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The electronic properties of SifSiGe, 3 quantum-well wires fabricated by reactive ion etching are investi-
gated. The width of the nonconducting layer produced by the dry-etch damage and surface depletion is
determined by plotting the conductance vs wire width for wires with lithographic widths ranging from 0.10 to
1.0 um. The combined width of the so-called “dead layers” on each edge of the wire is determined to be as
small as 0.130.01 um. Quantum interference effects are studied in wires with lithographic widtiAé=00.23
um. One-dimensiondlLD) weak localization is evident in these wiresTat 1.3 K in the form of a pronounced
negative magnetoresistance f& <0.3 T. A back-gate contact is used to study the electron-transport proper-
ties in the wires, as a function of the electron sheet concentrationThe data have been fitted to the 1D
theory of weak localization, and indicate that the inelastic mean freelpgihcreases from 0.2 to 1.,2m as
ng is increased from 4:210™ to 5.9<10' cm™? at T=1.3 K. [S0163-182696)01239-

Recent improvements in the quality of Si/SiGe,  perature range of 500-550 °C. A um-thick Si_,Ge,
strained-layer heterostructures have produced twobuffer layer graded fronx=0 to 0.30 is first grown to pro-
dimensional2D) systems with very high electrgiand hol¢  vide a virtual substrate for the ensuing layer structure. Fol-
mobilities!~* Electron mobilities>5x10° cnm?/V's (Ref. 3  lowing a 1um-thick layer of Sj,Ge,z a 10-nm tensilely
(and hole mobilities>5x10* cn?/V s) (Ref. 9 have been strained Si quantum well is grown. An 8-nm-thick
obtained at low temperatured=<4.2 K) in modulation-
doped Si/Sj_,Ge, quantum wells. These values are an order 800 . . . .
of magnitude greater than the best mobilities achieved in 1+ (@)
Si/SiO, MOS structures. Such results offer promise for the e
observation of several quantum-mechanical phenomena in 600}

Si, and potentially the operation of various quantum devices. }
400} v ]

However, before such devices can be implemented, it is im-
portant to understand the nature of quantum transport in me-
soscopic geometries.

The weak-localization effect is a powerful tool for ex-
tracting relevant parameters such as the phase-coherence 200
lengthL , and the dephasing timg, in 2D and 1D systems.

Weak localization is caused by the constructive interference i ,
between time-reversed electron paths, which leads to a de- (b)
creased conductivity compared to the classical value. Appli-
cation of a magnetic field causes a phase shift between the
time-reversed paths and a suppression of the weak
localization® Several studies of this phenomenon have been
performed in both n- and p-type Si/Sj_,Ge
heterostructure§.® However, these analyses have been re-
stricted to 2D samples. Though fitting the magnetoresistance
data to theory is perhaps more accurate in 2D systitris, 2001
important to study transport in lower-dimensional structures,

because such systems are more relevant to potential quantum , "
device applications. In this paper, we describe our study of 0 0.2 0.4 0.6 0.8 1

weak localization in narrow Si/§iGe, 3 quantum-well wires Width (um)

fabricated by reactive ion etching. We utilize the unique

back-gating properties of this material systéro describe FIG. 1. Plot of conductance vs lithographic wire width for 10-
the phase-coherent electron transport as a function of ele¢m-jong wires(a) with no post-processing treatmerg1(), and(b)

tron concentration in the wires. passivated with 50 nm of SiQand annealed at 575 °Crft h after

The heterostructure layers used in this work are grown ortching S2). In both plots, the solid circles are the experimental
a p=11-25 QO cm p-type Si substrate using ultrahigh- points, and the line is a least-squares best-fit straight line to the
vacuum chemical vapor depositigpHV-CVD) in the tem-  experimental points.
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beam lithography using an IBM proprietary negative resist,
and then using the resist as a mask for, C€active ion
etching (RIE). The etch conditions are as follows: the ap-
plied rf power is 10 W, the gas flow rate is 10 sccm, the
pressure is 10 mTorr, the dc bias+$60 V, and the etch time
201 ] is 6.1 min. A laser reflectance system is used during the RIE
step to enable termination of the etch in the Si quantum well,
151 ] corresponding to an etch depth of 23—-33 nm. Both the etch
depth and the wire widths have been confirmed by inspection
10F . of the samples in a scanning electron microscope. Two
sets of wires are examined: one with no post-etching treat-
5[ ] ment (S1); and the otherS2) passivated with 50 nm of
() ] SiO,, deposited by low-temperature CVD, and then annealed
] in a furnace fo 1 h atT=575 °C. The back-gate contact is

4 0 1 2 38 4 5 6 7 created by blanket evaporation of Ag onto the back side of
-0.01 the Si substrate, followed by annealing for 1 min at
. . T=400 °C.
. In order to determine the effect of process damage on the
wire characteristics, the dc four-point conductance of wires
. fitting range . with widths varying fromw=0.10 to 1.0um has been mea-
* - sured afT=4.2 K. Figure 1 shows a plot of the conductance
. . G, vs lithographic widthW for wire setsS1 and S2.

*. The measurement configuration of the wires is shown in the
[ Ly=089um o Y inset. In both cases, a bias ¥f;=+5 V is applied to the

-0.03 1 - 0.55um \ / back-gate contact. The results show similar behaviorsfor

30 T T T —

25t .

Resistance (kQ)

-0.02

AG (262/h)

Ty =24ps and S2, where G decreases linearly with decreasivy.
Wires with lithographic widths as small 4§=0.14 um are
s =0.081 pm (b) found to be conducting. A least-squares best-fit straight line
‘ to the data pointindicated by the solid lineshows a
o positivex intercept, the value of which corresponds to the
Magnetic Field (T) width of the nonconducting regions at the edges of the wire,
the so-called “dead layers.” Thecombined dead-layer
FIG. 2. () Typical magnetoresistance characteristic for a wireWidths determined by this method are 01801 and 0.14
in set (52) with lithographic width of 0.23um, at T=1.3 K. +0.01 um for S1 andS2, respectively. The relatively small
Shubnikov—de Haas oscillation are observed at high fields, and éead-layer widths given above suggest that the fabrication
negative magnetoresistance due to weak localization is apparent procedure induces little damage to the high-mobility samples
low fields. (b) Weak-localization correction to the conductaid8, used in this work. The depletion caused by pinning of the
plotted vs magnetic field. The solid points are the experimentaFermi level at the surface is thus the main reason for the dead
data, and the solid curve is a fit of the BvH 1D weak-localization layer.
theory (clean limit, specular boundary scatteninging the adjust- The magnetoresistance behavior of both sets of wires has
able parameters; and Weg. These values are listed in the plot peen studied af =1.3 K. For these measurements, the resis-
along with other relevant device parameters. The back-gate bias fegnce is measured as a function of perpendicular magnetic
both plots isVpg=+1.0 V. field. Once again the configuration shown in the inset of
Fig. 1 is utilized, except that the resistance is measured
using ac lock-in techniques. A driving current typicalsb
nA is used to avoid heating effects. A typical plot of the
Sip./Gey sspacer layer is next grown, followed by a 10-nm magnetoresistance characteristic for a wire with a litho-
Sip /Gey 3 supply layer with a doping concentration of graphic width ofW=0.23 um is shown in Fig. 28). SdH
Np=2-3x10'" cm3. Finally, the layers are capped with 5 oscillations are observed at high fieldB|=1 T), and a pro-
nm of Si to provide a stable surface for subsequent processtounced negative magnetoresistance is observed in the
ing; all layers other than the supply layer are unintentionallylow-field region (|B|=<0.3 T). The latter behavior is attrib-
doped. Shubnikov—de HaéSdH) measurements using a van uted to the suppression of weak localization by a magnetic
der Pauw geometry at=2 K reveal an electron sheet con- field.
centration and electron mobility af;=6.9x10" cm ™2 and Figure 2b) shows a plot ofAG vs B, whereAG is the
1e=1.3x10° cn?/V s, respectively. Though we have grown weak-localization correction to the wire conductance. The
layers with higher mobilities, this particular layer structure magnetoconductance data have been fitted to theory in order
was chosen because its high electron concentration makestd extract material parameters suchlgsand 7,. We have
suitable for fabrication of structures with very small lateralused the 1D theory of weak localization, originally devel-
dimensions. Wires with lengths of 30m, and widths vary- oped by Altshuler and AronoVt and later modified by
ing from 0.04 to 1.0um have been fabricated by electron- Beenakker and van HoutetBvH).}? In this formulation,

Tg=7.4ps
W,

e

-0.04
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which is valid forL ,2>Wc, the change in the classical con-
ductance due to weak localization is given by

AG(E) \ 2e? \D 1 0.02]
=—No —— | 77—
h L \/T¢1+TBl g
1 & -0.04)
- , 1 9
-1, -1, -1 <
T, +71, +T
v ¢ e B -0.06|

where N =2 is the valley degeneracyy is an intervalley
scattering parameteD is the diffusion coefficientL is the
wire length, 7, and 7z are the phase relaxation times due to 0
inelastic collisions and the magnetic field, respectively, and
7o IS the elastic scattering tim&/y is the width of the con-
ducting channel in the wire. The so-called “dirty” limit de-
scribed by Altshuler and Aronov occurs when<W,
whereL .= v 7, is the elastic mean free path, angd is the
Fermi velocity. In this case,7g=3L2%/DW,y, Where
D=jveL, andL,=#/eB. UsingL 4= D7, and Wy as
adjustable parameters, Ed) can be fitted to the magneto- -0.03}
conductance characteristic, such as the one shown in Fig.
2(b). Wi enters through the elastic scattering time since S2 Vg =+1.0V (b)
7e=(M*/RN€?) (L/W,q), whereR is the classical value of O s o1 o0 o1 o0z o3
the wire resistance. However, fitting E@L) for the dirty B (T)

limit of our data produces clearly unrealistic values of
L 4>10 um andWe<<1 nm.

-0.01F

-0.021

AG (2e2/h)

The “cl " limit hi d wheri.>W. . FIG. 3. Plot of the weak-localization correction to the conduc-
€ ~clean™ limil, achieved wherl., eff, IS @ MOre tanceAG, vs magnetic field at various values Wt for (a) no

representative situation for our wires, sincg=1.3 um in ;54001 and no passivatior8), and (b) anneal and passivation
the as-grown 2D material. In this case, the magnetic depha§52)_ The temperature =1.3 K.

ing time can be expressed as

scattering. The solid line in Fig.(B) shows the quality of
_Cily  Colime this fit and the values of the some of the device parameters
BT WEvr + w2, (@) extracted from the data.

We have studied the weak-localization characteristics of
where(2) is an interpolation formula between the asymptoticboth wire setsS1 andS2 as a function o,y. The magne-
expressions for the high- and low-field lim#&In the clean  toconductance results are shown in Fig&) &and 3b). In
limit, the constant$C; andC,, as well as the diffusion co- general, the weak-localization correction to the conductance
efficient D, depend on the type of boundary scattering. Forincreases with more positive values \¢f, particularly for
purely specular boundary scattering;=9.5 andC,=4.8,  low values ofV,,. However, inS2, for values otV,;=2 V,
andD=3veL,. In the diffuse limit,C;=47 andC,=3, and  the weak localization disappears, while$t AG is seen to
D~(veWei/m)In(Lo/Weg). We find that using the diffuse increase up to the highest back-gate voltadde suppres-
boundary scattering values produces a poor fit to our dataion of the weak localization for large values\gf, has been
and unrealistic values df , and W;. However, all of our  observed in other wires for both s&$ andS2.) The data in
data can be fitted using the parameters for specular boundaPRig. 3 have been fitted to Egdl) and(2) for specular bound-

TABLE |. Device parameters extracted from fitting the BvH 1D theory of weak localization to magne-
toresistance data on wire sgt (no anneal and no passivatjon

Vig (V) Wegr (um) Ly (um)  Le (um)  ng (10" em™?)  ue (10 cn?Vs) 7, (p9 7 (p9)

0.6 0.104 0.21 0.17 4.20 2.2 7.6 2.4
0.7 0.108 0.20 0.20 4.20 2.7 5.6 29
0.8 0.115 0.24 0.23 4.40 3.0 7.1 3.2
0.9 0.137 0.28 0.25 4.55 3.2 8.6 3.5
1.0 0.109 0.64 0.48 4.84 5.9 23 6.4
11 0.127 0.67 0.47 4.96 5.8 25 6.2
1.2 0.112 0.76 0.56 5.02 6.8 27 7.4
1.6 0.100 1.01 0.70 5.45 8.1 36 8.8
18 0.107 1.03 0.67 5.61 7.7 39 8.3
2.2 0.111 0.91 0.67 5.61 7.7 31 8.3
2.8 0.114 1.00 0.69 5.69 7.8 36 8.4

4.0 0.106 1.19 0.82 5.86 9.2 42 9.9
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TABLE II. Device parameters extracted from fitting the magnetoresistance data on w2 ¢atneal
and passivationto theory. The value oW for V,=+2 V is the average of the previous six values/bf
obtained from the fitting procedure.

ng V) W (um) Ld; (um)  Le (um)  ng (loll Cm_z) Me (104 eV s) T (s 7 (P9

0.2 0.108 0.17 0.13 4.15 1.7 6.6 1.8
0.4 0.115 0.23 0.19 4.22 25 8.2 2.7
0.6 0.105 0.32 0.24 441 3.2 12 3.4
0.8 0.087 0.52 0.38 4.49 4.9 19 5.3
1.0 0.082 0.67 0.54 4.68 6.7 23 7.3
1.2 0.087 0.69 0.62 4.85 7.6 20 8.2
2.0 0.097 0.73 5.18 9.0 9.7

ary scattering, once again usiM.s and L, as adjustable as electron-electron scattering are known tmbeependent.
parameters. The results of these fits 8r andS2 are tabu-  Further investigations into the mechanisms by which the
lated in Tables | and Il, respectively. weak localization is suppressed are ongoing. The values of
In interpreting the results listed in Tables | and I, the L, obtained in this study are encouraging for device appli-
significance of our assumption that the intervalley scatteringations, particularly given the relatively small lithographic
factor =0.5 should be noted. Theory predicts a valuexof dimensions of the wires used in this study. For instance, for
ranging from 0.37%strong intervalley scatteringo 1 (inde- 3 wire with a lithographic width of 0.2@m, and an inner
pendent.valley)s13 Performing a_three—parameter fit tg OUr diameter of 0.15um, and Aharonov-Bohm ring with arm
data, usinga, Wert and L, as adjustable parameters, is N0t jgngihs of 0.55:m could readily be fabricated. It should also
feas!ble, due o the I|m|teq field range avallablg. Previoug,q pointed out that , in S2 may still become larger for
'f’rgr?é?sstorg“r?ls Si arr]r:jetal-(r);((l)c:;z-serr:leccoenntiluctor S{/'EI.d GeffeCtng>2 V; however, because no magnetoresistance effect is
y 1,G& observable, the value df, cannot be determined by weak-

heterostructure®,have produced values af in the range AR . .
0.27-0.36, indicating strong intervalley scattering. Since deI_ocahzatlon fitting. The conducting channel widths extracted

creasinga leads to larger values df,, extracted from the from the fits agree qu_itg wgll Wi.th the values obtained fr.om
fitting procedure, our choice af=0.5 can be considered to the G VS W characteristics in Fig. 1. In fact, the su_btl_e In-
be a conservative estimate. We also mention that the valudgease in the value Ve for S1 compared toS2 is in
of n used for all the fits have been obtained from the high-2greement with a slightly smaller dead-layer width for the
field SAH characteristics, such as the one in Fig). How- samples with no post-process[ng treatments. F_lnally, we note
ever, we have observed certain anomalies that make it diffthat the ue vs ng values obtained for both wires sets are
cult to determine the sheet concentration using the standa@Pnsistent with those expected for the as-grown 2D material.
formula ng=4/A(1/B)h, where A(1/B) is the spacing of These results show that our fabrication procedure does not
minima in the SdH characteristic when one plots resistancdegrade the electrical properties of the wires.
vs 1B. Such anomalies may be due to a lifting of the valley In conclusion, we have presented a study of the phase-
degeneracy due to the lateral confinement potential in theoherent electron transport in strained Sj/&ig, 3 quantum
narrow wires. Instead we simply determingfrom the mag- wires fabricated by reactive ion etching. The dead-layer
netic field corresponding to the position of the8 minima:  widths have been determined by extrapolation ofGhes W
ns=8B,_g/h. Even if there is a certain degree of error in the characteristics, and by fitting the low-field magnetoresistance
determination ofng, Egs.(1) and(2) only depend upoms  data to theory. Very little damage is induced by the dry-
through the Fermi velocity=(#/m*)/mns, and slight de-  etching process, and no significant difference is observed
viations inng do not greatly affect the calculation results for petween wires with and without post-processing passivation
Lg- . . and annealing treatments. The low-field magnetoresistance is
Tables I and Il show an increasing phase-coherencg, ng to fit best to the BvH theory of 1D weak localization
length with increasing electron concentration, as expecteqy the clean limit, and the nature of the boundary scattering is
Both samples sho_w a very similar quantitative dependence dbund to be specular. The phase coherence lengtand the
L4 onng, suggesting that the passivation and annealing steRsynducting channel widtiiV,, are extracted from the fits for
do not greatly affect the electron transport. This also conygarious values of the back-gate bias voltage. The results
firms that the etch process has induced very little damage tgnow that the wires approach a regime wheye 7, for large
the devices. In both samplés, is of the same order ds,,  ,_ which could explain why the weak localization is often
and the ratior,/7, is sorr_letlmes_less than 2.5. In add|t|pn,_for suppressed for large values of positive back-gate voltage.
large sheet concentrations,/7, is seen to decrease with in- Fyrther work is needed to understand this mechanism in
creasingn for S2, while, in S1, 7,/7. generally tends 10 more detail. These studies are important for understanding
continue increasing. These results may explain why thejectron transport in low-dimensional systems, and will help

negative magnetoresistance is suppressed in some sampjgsihe design and analysis of devices based upon quantum
for large ng. If 7.~74, then electrons will lose phase jnterference effects.

memory before they have a chance to be scattered, eliminat-
ing the weak-localization effect even at zero field. This is a The authors would like to acknowledge J. Nocera for as-
reasonable assertion since phase-breaking mechanisms swistance with the low-temperature measurements.
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