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Enhancing semiconductor device performance using

ordered dopant arrays

Takahiro Shinada', Shintaro Okamoto®, Takahirs Kc-ba:.rashi:& Iwan Ohdomari'™

As the size of semicondictor devices continues 10 shrink, the
normally random distribution af the individual dopant atoms
within the semiconductor becomes a critical fuctor in determini
device performance—homngeneity can no longer be assumed' .
Here wee report the fabrication of semiconductor devices in which
thenth the numiber and pesition of the dopant atoms are precisely
controlled, T achieve this, we nuake use of a recently developed
singhe-ion implantation technique”, which enables us to implant
dapant ions one-by-ome inko a fine semiconductor region wntil the
desired mumber is reached. Elecirical measurements of the resuli-
img tramsistors revead that device-to-device flucnmtions in the
threshald voltage { Vo the turn-on voltage of the device) are less
e those structures with ondered dopant arrays than for thase
with conventional random doping. We also fmd that the devices
with ordered dopant armays exhibit a shifl in V., relative 1o the
wndaped semicondiictor, that is twice that for a random dopant
dhistribution (=04Y versus =0.2V); we aliribute this w the
unifarmity of ebectrostatic potential in the conducting channel
region due to the ordered distribution of dopant atoms. Cur
results therefore serve to ight the improvements in device

formance that can be achieved through atomic-scale contral
of the doping process. Furthermwee, ordered dopant arvays of
this rype may enhance the pmpom far realizing silicon-hased
solid-state quantun comy

Drping of impurity atoms mm semicorductors is essential to
achieving the preper function of sermioonductor devices thrmugh te
contred of dectrical characteristics". So far, the samiconductor has
been assurrend o be lomogenoously doped in the active clanne
region [n nanoscale sesoonductor devices, Dowever, the clanne
reginmwill contam few dopant atoms and the asaumption of unform
dopant distribution 5 no bonger fasble, Inoths atuaion, the
statmtica]l fuctuation in dopant 2tom number due 0 2 mandom
Poisson distribution causes serious fluctuation in the device's
functioning,

In order to suppress the conductance fluctuation due o the
fluctuation in the number of dopant atoms, we have previously
atternpted 0 tailor the conductance of submicrometre resisinrs,
which cornesponsds to the channel region in semiconductor devices,
Ty one-by-ome implantation of dopant ions, which we refer o as
single ion implantztion (5115 Tn 510, single fons are extracted by
chopping a fooused fon beam wsing 2 small aperture and high
frevuency beam deflection, and the number of implanted ons is
controlled oe-by-one by detecting seoondary dlectrons emmitbed
from a target outside upon a single o incidence, A brosd range of
it spcies such as Be, B, S5, B Fe, Co, WG, Cu, Ga, Ge, As, Pd, In, 5h, Pt
and Aw can now be mplnnmd&m..-—h','-mh. wiith an aming precisiom
of é#l) mm { rell 9) aned with potentially higher accuraey by remodadling
the focused won beam optics for 501 The number of single wons
necessary to tailor the conductance value o a certain valoe on the
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er sade of the initial distribution was implanted in each resistor.
tial conductance thactuztion (the mtio of the standard
deviation to the average value of conductance from 22 resistors) of
3% was reduced to anly 17546 {ref, 81, By analysing the ongin of the
fluctuation after SIT, the residual fluctuation umed out to be dwe
Fuctuatiom i the dopart atom peesition. Thus we have found that tle
contral of ret anby the dopant atorm member bt also its pesition is
essenial,

Wi note that & sollid-state quantum compuater has been proposed
by Bl Bawe's evviginsal proposal vespuires single phosplonms atoms
tes b plaaced in oz arvay i a S laver beneath an irsulating exde laper.
Heowoever, the incorperatinn of the dopant amvay is a major problan
that has wet 1o be overcome. In this Letter, we demonstrate the
fabrication of 2 semiconductor with an ordered array of dopant atomes.

Fagure 1asketches a simplified version of the resistor. The channd
s M0 nm wide, 3.2pm bong and Minm thick emploving 2
|)]v:|aﬁmnn-dn|xd netype {1000 salcon-on-insulator {500] sub-
strate | resis Fel Zohmem) patterned using standard phnre'\
i A 25 nm silicon dicwide layer crvers rlle'dmnnll n-glnn
e the surface states, which act as carrier FENCTAHON
atiein centres. The devices have a simple hack-gated device
configuration o a silicon substrate, where underying buried odde
v usedd 4 the hack gate, The drain current (7] from the sounce to
the drain is controlled by the gate voltage (V,} from the substrate
througl the buried enide oof 90 rim thickness T|’-,¢ electrodes attached
alowg with the channed (Fig. 10) for messuring the semiconductor
resistivity by dhe four print probe teduigue were not emploved in this
winrk, Figue 1c shons an atormic force microscope (AFM) image of
single-ion incident sites in a Assion tradk detector, fabricated by SIL

Typical ehectrical charactenstics (Fig. 2) show that [, mereases ax
soimee-tn-drain voltage (1) increases at 2 positive hack-pate bias,
and saturates beyord the panch-alf poimt. Fagure 2o confinmes that our
device is hased on the standard fied-effect transistor (FET) theory,
ared that the Fermi level in the channel is.controlled by the back-gate
ard drain hias. The devioe exhibits an accummdation-mode n-channd
istor beluviour. In advance of 511, the initial threshold woleape
aluated by the extrapolation of the linear part of the curee
p axis in the V', dependence of Iy under & certain Vy of 01V
(Fig. b}, The measurement was carried out 2t voom temperzture by
using & semicomductor parameter analyser (Keithley 4200-505) and
in & vaouwm to avoid the disturbance cansed by adsorbates,

Dioubly charged P sigle o were implanted one-by-one at 30 kY
intor the channel region at a centre-to-centre di s (pitch] af
1000 arrs Elavongh thee 25-mm-thick surface eodde by S0, as dhew in
Fig. a, where a part of the dhanned region (0.3 pm % 3.2pm) is
indicated. The rumber af implanted soms o the clennel was set o be
B The projected mange and the projecied range graggling were
caboulated 1o be 8 nm and 22 nm, respectively, by usang Monte Cardo
code SRIM2005 (hetpe e SRIM.org). For comparison with the
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ordererd aray, samples with randnm doping were alsn prepared by
implaning P ions at an interval of 3K rm under the condition that
the aiming precision was intentiorally lowersd dovn to 170mm
{Fig. 3h}. The number of fons was set 1o be exact by the same 25 that of
the ordered doping. The implanted samples were then lam
anncaled at 2 temperature of S0°C for 3min in N, 0 ckecrrically
activate the implanted jons. ¥, mezsurement was caried out under
the: s comeition as the initial V., measurement and the difference
betawcen Vi, before and after the SITwas cvaluated
shift of our devices i now derived by using standard
FET equations. The V, dependence of 1 in a device witl dhannd
length L, width W and thicknes fo in the lose-bias linear region
is deduced a8 Ty (WrongLlp, Cr(Vy — Vg )V where
Y, ™ (G NEY, — NG — N = V0 — g A Here u i the
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Figure 1 | Experimental device and resuis of single lem implantaties.

&, MMlustratinn of device siractare for controlling Vg, throwgh the control of
dopant aiom numbsr and pasition by singls inn implantatisn (S The
acide film {which is not displayeds covers the channel region 1o passvate the
surface states, The current from source to drain is controlbd by the gate
wolings | Vgl frem ihe back through the buried oxide. ¥y, drain veliage, &, A
utnnln,:efumon mulcrascane | SEM § image of & representarive device. The
Feature size ks 300nm wide, 3.2 um leng and #0nm thick, Black scabe bar at
batloan eight, 500 nes. & Typical sloasic farce micrascope |AFM | image ol
etch-pits created inoa fission rack detecior by single fone. The whits croes
indicaie the aimed posations,
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mushilaty, g the elementary duarge, N, the inttal dopant anoen-
tration, N the concentratinn of |rn|sL'||m-d Wre, {_, the total
r.||ur|ru|n' per unit arez, and 13, the SifSi0; interface tl.1F||'|ﬂ“
charges. V,;, monotanically decreases as the number of implanted
wons increases. We define the difference betaven the Wy, shift
{AVy) before and  after single don implantation  as
AVe =V, — Vi, = —gNp/CGr. 4V, is directly proportional 0
e number of rewly added dopants, and hence is a good means of
counting the number of added depants. By assessing AV, we
i ¢ fluctuations unintentionally incorporated during the
i e, such as the fluctwation in initial dopant
distribation, lithegraphical chaniel sz and film thickness,

Figure 4 v the histograms of 417, distribution ohtained from
10 FETs with ovdered clanmel doping and 10 FETS with random
chanmel doping. The AV, distrbuton of FETs with the ardered
dopant aray 1Fg. da} s much nerower than that of FETs with
random channd doping (Fig. db). The AV, valus of FETE with
random implantation deviated ennsiderably from the mean value
{Fig. 4hl; the fuctuation in the dopant atnm position from one
device i another explains this dispersion. Gaussian Atfing in the
ordered dopant distributinn shows a standard < L-\nzmnnfr:ﬁ?lll v,
which is three times smaller than the random dopant distribution,
Wi artribate the reduction of ¥y, fhictustion tothe precse control of
both dopant atorm number and pesition, Tn addition, we find a
pronounced differencein that the sverage value of AV, | 04V for
e cocdered dopants is two times lower than that {—0.2V) of the
FET: with the randimn distribution of dopants, even though the
dopant number is exactly same for betl FETe The larger megarive
AWy, for the ordeved distribution indicates that the channd s open
under tlae lower gate voltage

The theoretical value of AV, is calculated by wsing equation
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Figure 2 | Typical electrical characteristics. a, Drain curreni 140 versus
drain valtage (Vs characteristic at increasing gate veltage |V in steps of
0.5 Y starting from 0V and going wp te 5V The dawa indicare the standard
eleutric Licld efect transistar |FETI behaviaur. b, ¥y depeadence of Jyat e
grousnded snurve and o small drain puieatial of 0.1V, Lincar extrapslation
gives & threshabd vallage (V.
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Figure 3| Calcwlated potential distritation of the channel region,

& Potznuiad distribution of the ordered depant arvay, The snergy &
mneasiired upwands. Phasphoeas single ans weee implinted af & pitch af
L0l by 511 b, Poentiad discrabution of the convenlisnd randon

AV, = —gNo/ O in which the individusl dopant distribution is, a
priari, not taken ino accomt. The total capacitance of our sample is
expressed as a series combination of the buried oxide capacitance
o) amd the semicomsductor suhstrate capacitanae {C,), &

calculated to be Cp = CC0ae/iC, + Cpox} =67 % 107 F
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Figure 4 | Histograms of Wy, shift {aW ) before and after single-ion
Enplantation from %0 resistors. &, Ordered dopani disiribuiien,

b, Canventianal randam dopant distrbiton. Gasslan foing lourve) n the
ardered dopant distribuien shows o standard deviavion of anky 0.1V, which
s three tinses sonaller tham dhe random depant damburion. € he
ennbnur puap ol e Coulombs potential i the channed with ardered 1) and
randam {d) doj distribitios.
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Adiseribution of dopant atoms. made by laplanting lens @1 an mierval af
20 nma under the conditlon of a lowered giming scosracy of 170 nm, shasn
loe comtpaison.

‘When 86 ions are implanted, the AV, & calaulated to be —0.2%,
ared this value cnincides with the average AV, obtained in random
channel doping. The |.1 - megative shift of AV, (—04V) in the
ordered samplee r.mnnt ained by the cormventinnal mndel,
where the discrete nature ot the dopant atom is gnored. To
understand the larger negative shift of AV, from the viewpoint
of the discrete dopant model, we calculate the distribution of
Coulomwh potentials produced by onized dopant atoms in s
dhanng] region. Figare 4 exhibits the contowr map of Coulomb
poteritials, Here no bias @ applied to the source-to-drain and the
gate electrode. The potential B assumed to be Coulombic,
' i 4me,r), without the screening effect by mobile carrers and
the electrom energy 18 mensured upwards (bere &, and ¢ represnt
respectively sermconductor pamuttivity and distance from the
centre of tle atom].

The lighter regions in Fig, 4c and d comespond o the potential
harrier fror dectrrms injected from the snurce, When we ||I5r a
positive voltage to the gate at a particular drain voltage, a rnrtr
paith is frrmed from source to drain in the channd w-giemnra«ﬂ.nn
pate veltage, which comesponds o the threshold voltage of the
device, The ordered dopant armay forms o homogenenus patential
distribution in the chanmel, as shown in Fig 4c, resulting in the
formation of @ unifonm current path,

In Fig, 44, depant atoms are randomly located within the chanrd
region, so there i considerable variance in electrostatic potential at
ary peoint in the device. The curent in the peeence of potential
fusctuations percolates tough the alleys” in the potential land-
scape. The Incton and magmitude of the potential valleys” will
stromgly depend on the amangement of the dopant sem. The current
path through the channel regon differs from device o device,
leading 1o deviation in Vy,. In the andom channd doping, soome
parts of the channed have already reached the conductive state (darer
areas), wheras others are still in the non-conductive state (lghter
areas). Thus, the remaining, non-conductive regions are due to the
nemhnmingenecus potential block in the current path formation.

As showm in Fig. de, the uniform channd potential in the ordensd
sarnple is obwiously bower than that in the random sample {Fig, 4d)
W conclude that the uniformity of chanmel potential lowsers the
woltage required to open the dhannd from source to drain, which
allorss. fror earhy tum-om in parts of the channel and results in the
lower threshold voltage, Thus marked improvements in dievice
properties onubd be obtained for future semiconductor dectronios
if dopant dustributions could be precisely comtrolled. How a similar
schemie coubd be implemented in mass production rermain an epen
aquestion.
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