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Conductance distribution in nanometer-sized semiconductor devices due to dopant statistics
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We show that individual dopant atoms dominate the transport characteristics of nanometer-sized devices, by
investigating metal-semiconductor diodes down to 15 nm diameter. Room-temperature measurements reveal a
strongly increasing scatter in the device-to-device conductance towards smaller device sizes. The low-
temperature measurements exhibit pronounced features, caused by resonant tunneling through electronic states
of individual dopant atoms. We demonstrate by a statistical analysis that this behavior can be explained by the
presence of randomly distributed individual dopant atoms in the space-charge region.
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. INTRODUCTION tivity 0.015Qcm and doping concentration around 2
x 10'® cm™3) by evaporating a submonolayer of cobalt onto
In semiconductor physics, the influence of doping is gena clean (% 7)-reconstructed §i11) surface, followed by an

erally accounted for by a homogeneous shift of the Fermanneal at 800 °C for about 5 min. The resulting hexagon-
level, caused by the introduction of free carriers in the semishaped epitaxial Cosislands have heights in the range of
conductor. However, when the dimensions of a device arg—10 nm and diameters in the range of 15—80 nm. The inset
small compared to the average distance between individugf Fig. 2 displays a STM image of a typical island. Each
dopants, the discrete nature of doping must be taken int@land is regarded as a nanometer-sized epitaxial metal-
account. Each individual ionized dopant introduces a Cousemiconductor diode. The interisland distances are roughly
lomb potential well in the semiconductor, locally distorting ten times larger than the island diameters. To minimize the
the potential landscape. When the number of dopants in theffect of surface related transport channels, the77surface
volume of semiconductor that determines the transport chafeconstruction surrounding the islands is destroyed by expos-
acteristics of a device gets small, these random potentighg it to atomic hydrogen for 10 min at a substrate tempera-
fluctuations cause atypical behavior of semiconductokyre of 400°C.
deViceS]: This is Commonly viewed as one of the fundamen- Current-vo":age |(\/) measurements are performed by po-
tal limits in the ongoing size reduction of complementarysitioning the STM tip over an island. After switching off the
metal-oxide semiconductor technologyMapping the posi-  feedback loop, the tip is lowered by 15 A, which is found to
tions of individual dopanfsand the potential fluctuations he sufficient to make contact to the island. Then the current
they inducé® has been performed experimentally with vari- is measured while ramping the voltage, yielding well-
ous techniques. Furthermore, the influence of statistical ﬂUCreproducibIeIV curves that reflect the properties of the
tuations due to random dopants on device behavior has begretal-semiconductor contact. The sample preparation and

subject of simulation$. _ _ measurement techniques are described in more detail
In this work, we experimentally investigate the effects of g|sewheré.

the discreteness of doping on the transport properties of

small diodes by comparing many identically prepared de-

vices. We find that statistical fluctuations caused by ran- A. Room-temperature measurements

domly positioned individual dopant atoms do not average out Some typical room-temperature measurements are dis-
for very small devices. In contrast, fluctuations dominate theylayed in the right inset of Fig. 1, showing weakly rectifying
electrical transport properties of the smallest devices angly curves. The overall shape of the curves is very similar. To
cause large differences in the conductance of nominallynvestigate the dependence of the diode’s conductances on
equal devices. Furthermore, we demonstrate that at low temheir sizes, in Fig. 1 the zero-bias conductance per unit area
perature the Coulomb well of a single dopant gives rise to gs plotted as a function of island area for more than 40 dif-

resonant tunneling channel. ferent islands, grown on two similartype samples. One
would expect that devices of equal size yield the same value
Il MEASUREMENTS for this quantity. Indeed, for larger devices the conductance

per unit area falls within a narrow range. However, towards

In order to allow for measuring the transport characterissmaller areas there is no definite behavior. Instead, the scatter
tics of many identically prepared diodes, we use self-in the measured values increases rapidly and nominally equal
assembly methods to fabricate epitaxial GoSiiodes. The devices yield very different results.
tip of a scanning tunneling microscog®TM) is used to To study the increasing scatter in more detail, the standard
characterize and access the devices individually. deviation of the conductance per unit area is plotted in Fig. 2

All experiments are performed in an ultrahigh vacuumas a function of diode area, calculated from the data of Fig.
(UHV) system with a base pressure ok30 ' mbar. Self- 1. We clearly observe that the standard deviation increases
assembled Cogiislands are grown on Si substrat@ssis-  with decreasing island size.
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FIG. 1. The zero-bias conductance per unit area as a function o A(p]:'
island area at room temperature. For large islands, the measure 207 i
values fall within a narrow range. For smaller islands, the scatter iSS =]
rapidly increasing and is much larger than the measurement inacs 15} X
curacy. The right inset shows some typitdl curves. The numbers g
in the inset correspond to the numbered data points in the mairg 0 ‘ I
figure. The left inset displays similar data as in the main figure for= [
a low-doped sample, revealing a much lower conductance anc Metal  Semiconductor
hardly any scatter.
Measurement inaccuracies are not the source of this ran

dom scatter, as proved by the low noise leftgpically less

than 10 pA around zero biasind good reproducibility of Substrate bias (V)
measurements on the same device. Moreover, this scatter is FIG. 3. M v f two different CoSiisland
absent in similar measurements on low-doped sanfsies - 3. MeasuredV curves of two different Cogiislands on

left inset of Fig. 1. Schottky barrier inhomogeneitiésyhich the samep-type sample. The upper graph shows three measure-

NN . ments of one islandisland A, A=1300 nn?) and also three mea-
have been observed at nonepitaxial interfd€e$ do not ¢ another islaritland B.A=1 A d
lay a role here, as they are due to variations in the atomiSurements of another is ariland B,A=1500 nm), emonstrat-
play ’ ﬁﬁg the reproducibility of the measurements. Features occurring at

arrangement at the metal-semiconductor interface itself. ThR/|so 1V (|I|=1 pA) are due to noise. The lower panel shows the
metal-semiconductor interfaces in our devices are perfec“)ﬁormalized differential conductance of the same two islands, calcu-

lated from an averagdd/ curve. Arrows indicate the main features
in thelV curves, showing up as peaks in the lower panel. The inset
_ ! schematically shows the band diagram of an unbiased device. For
. ] clarity, the situation of am-type semiconductor is drawn. The

/ ‘ dashed line is the initial conduction-ban&d) profile. The solid
line is E¢ perturbed by the dopant’s Coulomb well, causing a local
barrier loweringA ¢.
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N, A U epitaxial and monocrystalline, which is supported by cross-
) . . sectional transmission electron micrographs of similar
_______________ structures® This also rules out interface defects or grain
! " boundaries as the origin of the fluctuations. In addition, bal-
; ; ; ; listic electron emission microscopy measurements of £0Si
0 1000 2000 3000 4000 5000 films on undoped $111) reveal a perfectly homogeneous

Arex () Schottky barrier heightt Only islands showing an atomi-

FIG. 2. Standard deviations of the measured conductance p&ally flat _and defect-fr_ee surface in the STM images were
unit area for various values of the device araEach point is Included_ln the analysis. ) .
calculated from eight neighboring data points in Fig. 1. The dashed Ve Will show that the increased scatter in the measured
line is a least-square fit of the functi@ VA to these points, yield- data is caused by the presence of randomly distributed dop-
ing C=1.8 nAV-1 nm 1. The arrow indicates which island size ant atoms in the Schottky barrier. An ionized dopant atom
corresponds to an average of one dopant atom per |s|a]q¢| ( |Oca||y distorts the barrier, gIVIng rise to a local barrier re-
=1) according to our analysis. The inset shows a STM image of &luction and thus a high conductance sfs#e the inset of
typical island, acquired at room temperature directly after preparaFig. 3). Then, the observed spread in Fig. 2 is directly related
tion. to the spread in the number of dopant atdxhs the barrier
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of a device. From Poisson statistics, the relative spread imom temperature térandom dopant positions. Moreover,

given by the parameters in the model are directly related to device
parameters. For simplicity, we neglect other possible sources
sdN) 1 of randomness, such as variations in the shape of the,CoSi
N S T islands.
(N) V(N) Because the dopants in the substrate are randomly distrib-

- o - uted, the number of dopanisin the barrier of a given island
where sdy) is the standard deviation of. BecausgN) is is Poisson distributed with parameter This means that the

proportional to the island ared this gives that the standard - ; o
deviation of the number of dopants per unit area increasegmbablllty Pa(k) that N equalsk for a certain device is

when the device area decreases. Indeed, Fig. 2 shows thaP¥eN by
function of the formC/ /A describes our observations appro- K

' A
priately. P, (k)= Fe‘”, 1)

B. Low-temperature measurements where\ =(N) is the mean value of the number of dopants in

To further investigate the influence of individual dopantthe barrier of this particular device. The parameter can be
atoms on the transport properties of small diodes, we perexpressed as =AtNy, whereA is the area of the island,
formed similar experiments in a low-temperature UHV-STMthe effective thickness of the barrier, ahg, the average
operating at 4.5 K. In the upper part of Fig. 3, sevdfl doping concentration in the barrier. As shown in Fig. 2, the
curves of two different islands are plotted. Each represents scatter in the number of dopants in the barrier per unit area
full and independent measurement cydktop scanning, satisfies sd{)/Ax1/\/A and therefore is large for small is-
make contact, rampy, release contact, resume scanfing lands.
demonstrating their reproducibility. The current is plotted on  We will now show that this effect also creates scatter in
a logarithmic scale, to make the features of the curves visibleonductance measurements. We assume that dopants located
over several orders of magnitude in current. Note that thén a certain region close to the metal-semiconductor interface
noise level is below 1 pA. induce a local barrier lowering that gives rise to a low-

From the measureld/ curves, the quantity\(/1)(d1/dV) resistance transport chanfi®The conductance of a trans-
(the so-called normalized differential conductanias been port channel induced by a dopant atom depends on the
calculated. It was calculated from the average of sev&fal dopant’s distance to the interface. Since the distance is a
curves per island and plotted for the same two islands in theandom variable, the conductanGg of a single channel is
lower part of Fig. 3. This is a well-known approach in the not the same for all channels, but has a certain probability
field of scanning tunneling spectroscdpgnd is very useful  distribution. The distribution is given by a probability den-
as it reduces the overall exponential behavior and enhancagty functionf,(g), meaning thaf,(g)dg is the probability
bias-dependent features. Indeed, the weak features ifVthe for a certain channel to have a conductai&e betweeng
curves turn into clear peaks and the peaks show a one-to-orm@dg+dg. Both the distribution of the position of a dopant
correspondence to the features in tMecurves. As can be in the barrier and the dependence of the conductance of a
seen from Fig. 3, features appear at one bias polarity, onlychannel on that position are containedfiffg).

This is true for all acquired curves on the same sample. For Assuming that the values of the conductance of the indi-
substrates with the opposite doping type, the peaks occur &dual channels are independent and characterized by the
the opposite bias polaritgnot shown. same distribution given by, (g), the total conductance of a

The peaks can be explained by resonant tunneling througtievice is given by the sum of the contributions of the indi-
a discrete energy level of a dopant atom, occurring when theidual channels. Here, we neglect the background conduc-
Fermi level at either side of the barrier lines up with antion and assume that the conductance is dominated by these
energy level of the dopant’'s potential well. The resultingchannels. If there ar& channels, the total conductance is
resonant channel produces a feature in the measureme@{=3k ,G{), where the conductance of the individual
curve. Resonances are expected at bias voltages from zero gRannels is denoted bg(li)_ The density functiorf,(g) of

to the barrier heightroughly 0.5-0.7 V, depending on the G, can be calculated explicitly by taking thefold convo-
dopant typg This is consistent with the observations. Theytion of f,(g) (Ref. 17

actual bias voltage at which a resonance occurs is predomi-

nantly determined by the distance of the dopant atom to the () =Ffi(e)* -+ *f(g).
interface. The number of peaks in a typical spectidm4) :
corresponds to the expected number of dopants in the de- k times
vices, as we will show later. This confirms our hypothesis,;in‘,jl"y
that individual dopants influence the conduction path. '

taking into account the Poisson distribution of the
number of channelkEg. (1)], the density functiorf(g,\) of
the total conductanc& of a device can be computed as

I1l. ANALYSIS
Motivated by the foregoing observations, we present a f(g 7\):2 P, (K)fi(Q). )
model that links the conductance fluctuations observed at ' &
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when theG{" are independently identically distributed. Us-
ing this fact, we find that

<GZ>=f92f(9,>\)dg=E Px(k)fngk(g)dg
k=0

=k§0 P, (K)(K(GT) +k(k—1)(G;)?)

MG +1%(Gy)?.

Finally, this yields

sdG)=(G%) —(G)?=\(G}).

FIG. 4. Map off (g,\) as defined in Eq.2) plotted as a function
of g/\ (vertical axig and\ (horizontal axig. The function values By making the substitutior=G/A once more, we find
are represented in a linear gray scale, where black corresponds tatlfat the standard deviation sl (which can be interpreted
and white to 0.65. Fof;(g) a uniform distribution was chosen. as the spread i) is given by

In other words, for given device parametédg, A, andt, tNg .,
f(g,\)dg is the probability that the total conductan@edue sdo)= /2 (G1)- 4
to dopant atoms in the diode is betwegandg+dg.

To illustrate its behavior, Fig. 4 shows a mapf§f,\)  The most important observation from this equation is
[from Eqg.(2)] as a function ofy/\ (proportional to the con-  that sdg) is proportional to 1JA, showing that the
ductance per unit argand\ (which is proportional toA).  area dependence of $d)/A leads to a similar behavior of
For a fixed value of the device ar@hat is a fixed value ok spread ino. This also justifies the choice of the fit function
and a vertical line in the plothe color scale gives the prob- in Fig. 2.
ability density to find a device with a particular conductance
per unit areag/\. For large values ok, all density is con-
centrated aroun@/\ =3, while for smaller\ it is spread
over an increasingly wide range of values. In this figure Our simple model captures the general features of the
f1(g) was chosen as a uniform distribution. However, as wedata and yields reasonable values for the parameters.

will show next, the general properties &{g,\) are not To demonstrate this, a least-square fit of the func@dr/A

IV. APPLICATION TO THE DATA

strongly dependent on the particular choicef gfg). [cf. Eq. (4); Cis a fit parametdrto the standard deviations
Without making any assumptions on the choicé ffg),  has been performed. The result is the dashed line in Fig. 2.
we can compute the momentsfdig,\) in terms of those of The fit gives a good description of the data, showing that
f1(g). First, the mean value db satisfies the spread in the data is consistent with the prediction of
the model.
- From the fit, we make some estimates for the physical
<G>:f gf(g,)\)dg:g,o P)\(k)j gfk(g)dg quantities in the model. The value of the fit parameter

=1.8 nAV ! nm~! should be equal ta/tN4G?) [accord-
* ing to Eq.(4)]. By looking at the large area values in Fig. 1,
=k20 P\(K)k(G1)=N\(Gy). we find thattNy(G;)~0.04 nAV~! nm 2 [Eq. (3)]. Com-
- bining these numbers and assuming that)?~(G?3) we
. _ find values for parameters in the model. FirsttNy
In fact, to allow for easy comparison with the data, Weml/(2500 nmi), which corresponds to an average of one
consider the total conductanper unit area o. By making dopant per 25(’)0 nfndevice aredindicated in Fig. 2 This
the substitutiqrq=G/A. It follows directly that the average number is consistent with, e.g., an average doping concen-
value of s satisfies tration at the interfac& aroundN4=10 cm 2 and an ef-
fective barrier thickness df=2.5 nm. Note that becausés
(0)=tNg(Gy). () the thickness of the barrier region where dopants influence
o o . the barrier height, it is thinner than the total Schottky barrier
This is a very intuitive result, sincér) equals the average thickness(a few tens of nanometers in this casgecond, we
number of dopants in the barrier per unit area multiplied byfind (G,)~100 nA/V for the average conductance per chan-
the average conductance per channel. nel. In order to achieve this value, it is necessary to have,
To obtain the standard deviation we first observe that e.g., a small patch with a local barrier height-eD.15 eV
) " (K12 ) 5 ar_1d an ared of ~10 nn?. These numbers are consistent
(G =((Gi '+ - - +G1")9) =k(G]) + k(k—=1)(G1)", with the actual sample parameters.
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The doping level in our devices is so high that the scaling V. CONCLUSIONS

mechanism described in Ref. 2predicting that the barrier In conclusion, we have shown that individual dopant at-
thickness decreases with device size for devices that ar§yns dominate the transport characteristics of epitaxial
smaller than a few times the Debye lengtblays only  panometer-sized metal-semiconductor ~ diodes.  Room-
a minor role. However, the increase of the average condugGemperature data show increasingly large device-to-device
tance per unit arego) for decreasingA (Fig. 1) indicates  conductance fluctuations towards smaller device sizes. Mea-
that we are still in the tail of this scaling regime. We note surements at 4.5 K reveal pronounced structure inlthe
that the increasing value ofo) is not the cause of the curves. A statistical analysis based on the assumption of ran-
increment of sdf), since similar measurements on low- domly positioned individual dopant atoms leads to a good
doped samples do not exhibit an increased scésee left description of the experimental data.
inset of Fig. 2.
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