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ABSTRACT

We demonstrate time-resolved control and detection of single-electron transfers in a silicon device implanted with exactly two phosphorus
donors. Charge state relaxation at millikelvin temperature is shown to be dominated by phonon emission and background charge fluctuations
for low energies, while higher-order processes take over at higher energies. Our results reveal relaxation times for single-donor charge states
of several milliseconds, which have significant implications for single-atom nanoelectronics.

As semiconductor devices approach the nanoscale, individualphosphorus doped (n-type) back-plane and boron doped (p-
dopant atoms significantly impact on the electrical charac- type) top electrodes on a masked, oxide-terminated, high-
teristics? Devices with a precise number of dopants offer purity silicon substraté> The electrodes, when reverse
better control in this context and may offer pathways for biased, allow counting of individual 14 keV phosphorus ions
new quantum devices based on the charge or spin states ofvith over 94% confidence by detecting transients from
single electrond.” Quantum control of the charge and spin  impact-induced electrorhole pairs. The mask allows nano-
states of individual electrons in solids plays a key role for scale positioning of the implant sites. As such, devices may
realizing new electronic devices, e.g., in the context of pe configured with exactly two phosphorus donors, implanted
quantum computing. Single-electron charging of metal through two 15 nm diameter apertures, 50 nm affakpart
nanodevices has been established for 2 decatlasonly  from aperture size, the positional accuracy is limited by
recent reports have shown that single electrons confined i”straggling as well. We obtain a statistical estimate of the
semiconductor quantum dots form quantum systems that cang|ative location of the two implants from Monte Carlo
be manipulated coherently'? Several suggested schemes  gjmyjations based on SRIMThese simulations indicate that
for silicon-based quantum computing rely on the control of o phosphorus ions penetrate through the 5 nm thermally
single electrons on individual dopant atofn%jn which very grown, low interface trap density oxide, and 3810 nm
!ong cohgrence tlimes are posglblé.or?trolleq single-ion into the high-purity silicon substrate. Assuming they impact
implantation provides for atomic doping with reasonable y,4h separate apertures, the donors will be configured 54
posn_lonal ac.curac}ﬁ, ** but a f‘%"y sca_la}ble technology + 15 nm apart. With equal probability, the ions will impact
requires doping W'th true atom|q premsﬂnApart from .__through the same aperture, in which case the separation will
guantum computing, such atpm|cally engineered devices be 214+ 11 nm. Activation by rapid thermal anneal (1000
ﬁ:osulg 3lsc;or:a:§vgoéﬁ13|i r_lglr:(l:t'rrgEagé\]:?gen:ggﬁgg{iglsewon“C, 5 s) may lead to diffusion by approximately 3 nm, as

P e j estimated from the intrinsic phosphorus diffusiviyDefect-

anV\;itliJ\fee 2ust')2?r§;°2c;nmf=o|3?£“gn t;?fg'%lget:;tr r\?vli'tis ON assisted diffusion, on the other hand, is very unlikely when
9 P implanting only two 14 keV phosphorus ions.
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Figure 1. Two-atom device layout for voltage controlled charge 0.0 50 100 150 20.0
transfer. (a) Schematic cross section of two-atom structure with Excess gate voltage (mV)
pulse gate and single-electron transistor (SET) for charge state c
control and detection. (b) Scanning electron micrograph of coplanar
gate line (green) and SET (blue) aligned with implant sites. SET ™
tunnel junctions are formed using aluminum double-angle evapora- g
tion with an intermediate oxidation step. (c) Induced charge on SET =
island, measured at MHz bandwidth for several gate sweeps with T
averaged data in solid. Inset of averaged charge transfer shows frozn-
hysteresis in gate voltage. 00 o5 04 ol 08

] Frequency (1/mV)
the RF-SET to detect voltage-controlled single-electron
transfers in our two-donor structure. All our measurements Figure 2. Time-resolved charge state relaxation. (a) Averaged

are performed with a 340 MHz tank circuit resonator in a fraces of induced charge response after pulsing gate across

dilution refrigerator (50 mK), yielding a charge sensitivity gysteressﬂ:Ar\]/ sto r)egballtqu/ pgsutlvei (blue/red). Fitted eXpone”}'a'
A2 Figure 1c shaws the signature of a charge. G€C2YS are shown in black. (b) Relaxation time vs excess voltage

of 15 ue/Hz". Fig 9 9€- of gate pulse to overcome hysteresis. Curve in solid black shows

transfer event in terms of induced charge on the SET island expected dependence for both resonant and phonon assisted transfer,
for gate voltage sweeps over a ranged6f50 mV. The assuming a donor separation of 50 nm. Each contribution appears
averaged trace reveals an induced charge signalopf= in dashed black. Dashed red/blue indicates tendency for suppression
0.012, agreeing with previous RF-SET measurements on at higher bias. (c) Fast Fourier transform (FFT) of bias-dependent
similar devices. Slightly different structures showed isolated ;glraz)a(s:)lfonxitrlnrg?éIgggsr?rlﬁndg;sofgrerszfzﬁi%i to phonon interference
events of 0.0+0.02% for transfers between less than ten '
donors!® and quasi-periodic signal of 0.6®.0% for a strongly coupled background charge. Most likely individual
transfers between dots with hundreds of dorérEhese charge traps impose an additional bias, thereby stabilizing
results have also been confirmed by electrostatic modé&ling. the system by responding to the donor pair charge state.
Measurements on an unimplanted control device showed no By applying pulsed gate voltages, we are able to directly
significant gate-controlled charge transfers. observe the time response for single-electron transfers
Consequently, the measurAdj is consistent with single-  between the two phosphorus donors, from which we deduce
electron transfer between two phosphorus donors in a singlythe charge state relaxation time. Figure 2a shows averaged
charged configuration. The uncharged configuration is very traces of the RF-SET induced charge signal for gate pulses
unlikely due to the relative instability of the doubly occupied applied with respect to the center of the previously identified
donor state (D). One of the donors is therefore likely to be charge-transfer hysteresis (Figure 1c). As expected, no
ionized, either under the applied bias 6150 mV or via transfer occurs when the pulse remains within the hysteresis.
electron capture by a nearby charge trap. This leaves theWhen pulsed gate voltages are applied outside the hysteresis,
donor pair in a positively charged,Pstate with only one  on the other hand, the averaged charge-transfer response
strongly bound electron. The hysteresis of several millivolts gives rise to an exponential decay that fits well with the
and offset to about 70 mV in gate bias may originate from  previously determined\q, to determine the characteristic
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decay timeT. Repeating these measurements for different

pulse amplitudes yields values for the charge state relaxation

time over a range of gate bias values on both sides of the
charge-transfer hysteresis (Figure 2b).

The data show remarkably long charge state relaxation
times in excess of 10 ms and exhibit an asymmetry between
the two sides of the transfer hysteresis. In order to analyze
these values further, we apply a simple model that considers
phonon emissiof; and discuss the influence of background
charge fluctuations. Relaxation rates due to both phonon

emission and resonant transfer may be estimated using a

hydrogenic model with coupling strength given by the
symmetric-antisymmetric splitting

Agas = 2E0(1 + %)e_(R’aB) 1)

whereEy = 45.5 meV is the donor ground state energys

the donor separation, aiag = 3.1 nm the renormalized Bohr
radius. For fully incoherent resonant transfer, the relaxation
rate is given by a Lorentzian line shape

_ Asps

Alres = 1+ %

@)

Here, X = 0eAVg/Asps is the detuning away from the
resonant bias condition, wheke is a geometrical factor
describing the ratio between the gate bias and the corre-
sponding potential difference between the two donor sites.
Combining the hydrogenic model with a simple deformation
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Figure 3. Hydrogenic contra KohnLuttinger model. (a) Coupling
strength vs donor separation as predicted by hydrogegie (3.1,

2.5 nm) and Kohr Luttinger model (along [100], [110], and [111]).
Insert shows variation for lateral and vertical displacement for 50
nm donor separation (along [110]). (b) Phonon emission rate vs
detuning for 50 nm separation as predicted by hydrogenic and
Kohn—Luttinger model (along [110]). Additional traces include the
resonant Lorentzian contribution.

potential approach, the relaxation rate due to acoustic phonon

emission is found to 3é

qug 1— sing
R
hrph = ( s an 2\4 (3)

where silicon is assumed to have deformation potemial
= 3.3 eV, densityp = 2.33 g/cni, and speed of sound =
9.0 km/s. Assuming a linear dispersion relation, the phonon
wave number is given by = Asag(1 + x3)V/hcs,

Figure 2b shows a comparative plot of the experimental
values against the predictions of the hydrogenic model

Considering the crudeness of the hydrogenic model, the
guantitative agreement should only be regarded as an order
of magnitude account. A much more complete treatment is
achieved by adopting the Kohituttinger formalism, previ-
ously used for calculating the coupling strengtf The
results of both the hydrogenic model and the Kehattinger
effective mass approach are shown in Figure 3a, both
yielding an overall exponentially decayimysas(R). Here,
the Kohn-Luttinger results seem in much better agreement
with the hydrogenic model assumiag = 2.5 nm. We note
the erratic dependence on the exact atomic configuration for
donor placements outside the (001) plane. We also adopted
the Kohn-Luttinger formalism for evaluating the deforma-

including both resonant transfer and phonon emission. Here,tion potential matrix elements to give more realistic estimates
the deduced relaxation times are plotted versus excess gatef the relaxation by emission of acoustic phonons. Figure
voltage to overcome the hysteresis, i.e., corrected for both3b shows the KohnlLuttinger result together with the
size and position by simple translation. The modeled traceshydrogenic predictions, which seems in much better agree-
correspond td&R = 50 nm, as expected for implants through ment forag = 2.5 nm. As such, the model assumiag=
separate apertures, and= (50 nm)/(225 nm) as estimated 3.1 nm most likely overestimates the coupling of donor states
from an effective length scale of 26@50 nm between gate by at least an order of magnitude. Hence the data suggest
and SET. Three-dimensional numerical modeling of the that other channels contribute to the charge state relaxation,
electrostatics with ISE-TCAD suggests = 0.11-0.23, the most likely candidate being background charge fluctua-
depending on the exact geometrical configuration. At gate tions related to interface charge traps in the silicon di-
biases ranging up to 10 mV, the model resembles the dataoxide?”?® Here, the asymmetry in pulse direction suggests
remarkably well, though for positive pulses, the relaxation a stronger coupling to one of the donors, probably due to
time data seem suppressed by a factor-66 2For both pulse ~ microscopic coupling of a single charge trap. Nonetheless,
directions, the relaxation time falls off exponentially at higher the exponential scaling-factor®s, reflected to the fifth
gate bias and saturates at about 0.25 ms as marked in dashgabwer in the relaxation rate, leads to the conclusion that the
red/blue. donors have indeed been implanted through separate aper-
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tures, 50 nm apart. In fact, the full six-valley analysis in the Agency and US Army Research Office under Contract No.

Kohn—Luttinger formalism confirms that the time scales are W911NF-04-1-0290.

commensurate with a donor separation of no less than 45

nm. The exponential roll-off versus gate bias beyond 10 mv ~ Supporting Information Available: Further information

is most likely a higher-order effect of excited donor states regarding single-ion implantation, RF-SET charge sensing,

or coupling to the silicon conduction band. The saturation the phonon emission theory, the coupling to background

for large pulse voltages simply reflects the limited 10 kHz charge, as well as electrostatic modeling. This material is

measurement bandwidth. available free of charge via the Internet at http:/pubs.acs.org.
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