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ABSTRACT

We report the controlled synthesis of axial modulation-doped p-type/intrinsic/n-type (p-i-n) silicon nanowires with uniform diameters and
single-crystal structures. The p-i-n nanowires were grown in three sequential steps: in the presence of diborane for the p-type region, in the
absence of chemical dopant sources for the middle segment, and in the presence of phosphine for the n-type region. The p-i-n nanowires
were structurally characterized by transmission electron microscopy, and the spatially resolved electrical properties of individual nanowires
were determined by electrostatic force and scanning gate microscopies. Temperature-dependent current -voltage measurements recorded
from individual p-i-n devices show an increase in the breakdown voltage with temperature, characteristic of band-to-band impact ionization,
or avalanche breakdown. Spatially resolved photocurrent measurements show that the largest photocurrent is generated at the intrinsic region
located between the electrode contacts, with multiplication factors in excess of ca. 30, and demonstrate that single p-i-n nanowires function
as avalanche photodiodes. Electron- and hole-initiated avalanche gain measurements performed by localized photoexcitation of the p-type
and n-type regions yield multiplication factors of ca. 100 and 20, respectively. These results demonstrate the significant potential of single
p-i-n nanowires as nanoscale avalanche photodetectors and open possible opportunities for studying impact ionization of electrons and holes
within quasi-one-dimensional semiconductor systems.

Semiconductor nanowires are emerging as powerful building Complementary doping within a single nanowire versus
blocks for the integration of nanophotonic devices on a éhip. assembly of two distinctly doped nanowitésepresents an

For example, nanowire-based light-emitting diotféisiserst alternative strategy for preparing nanoscale photodiodes and,
active waveguideseglectro-optical modulator$;® and pho- moreover, might lead to better defined junctions. Indeed,

todetector$'® have been demonstrated, and more recently, complementary doping is used extensively to make planar
hybrid nanowire-photonic crystal and nanowirgnicroreso- p-type/intrinsic/n-type (p-i-n) structures used in APDs,

nator structures have been reporté@he development of  although to date there have been no reported studies of p-i-n
high-sensitivity nanoscale photodectors is especially impor- structures in nanowires. Here, we describe the first controlled
tant for the realization of integrated nanophotonic systems, synthesis and properties of axial modulation-doped p-i-n
and they could open opportunities in a number of other areas,nanowires. We demonstrate that APDs based on single p-i-n
including optical biosensor systerts; optofluidic systems,  silicon nanowires (SiINWs) can have large photomultiplica-
and optical interconnect4 To this end we recently reported tion and subwavelength spatial resolution for detection.
nanoscale avalanche photodiodes (APDs) consisting ofMoreover, we use these devices to characterize the multi-
crossed S+CdS nanowire p-n diodes heterojunctidfs. plication factors for impact ionization of electrons and holes
APDs are an especially attractive device structure for in p-i-n SINWSs, which suggest that p-i-n nanowire structures
nanoscale photodetectors because they can enable largwill be interesting systems for studying the physics of carrier
photocurrent gain and sensitivity down to the single photon transport in low-dimensional structures at high electrical
level 516 capabilities that are essential in nanoscale detectorsfields.

due to their intrinsic small photon collection area. The p-i-n SiNWs were synthesized by the nanocluster-
catalyzed chemical vapor deposition approach described
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a p i n crystalline structures, despite the changes in chemical dopant
sources during synthesis, withiEL 2 lattice direction along

the NW axis. The demonstration of single-crystal structures
with uniform growth direction is important for studies of
APDs, because the multiplication factors may vary for
different crystallographic directiorf$.??

To confirm that SINWs exhibit expected variations in the
electronic properties associated with p-i-n dopant modulation,
we used electrostatic force microscopy (EFM) and scanning
gate microscopy (SGMP2325 |In these measurements
(Figure 2a, top), a conducting tip with applied voltagg
was scanned at a fixed height over a p-i-n SINW device with
biasVsq applied through contacts to the p- and n-type ends
of the NW. We can glean several important points from the

Figure 1. TEM characterization of p-i-n SiNWSs. (a) Schematic resulting data. First, the AFM topography image shows a
of a p-i-n NW, where the yellow hemisphere (right end) corresponds well-defined single NW device ca. 4um in length between

to the Au-nanocluster catalyst used in the sequential growth of the the contact electrodes. InCIusion of theuh NW lengths
p-type (purple), i (pale blue), and n-type (red) regions. Low- under each electrode contact yields a total NW length, ca.

resolution TEM image of a representative 20 nm diameter p-i-n 6.7 um, consistent with the estimated value of 6.8 based on
SiNW; scale bar is 500 nm. (b) High-resolution TEM images from growth. Second, the line-profile of EFM phase-shift signal

the p-i-n segmentsleft, middle, and right, respectivetyrecorded . ) . s
along the [1,1;-1] zone axis; the images were taken from the central measured along the p-i-n SINW axis exhibits a pronounced

regions indicated by the boxes along the low-resolution SiNw in change only across the middle region of the device and, thus,
(a). Scale bar is 2 nm. shows that voltage drop occurs primarily across this ca. 1.0

um long middle region. Third, the SGM image of the same

diborane for p-type dopants, and phosphine for n-type device further demonstrates a substantial change (decrease)
dopantg®-2° Synthesis was carried out using a local substrate in conductance only in this same L long middle region
heater with H as carrier gas to eliminate simultaneous radial ©f the p-i-n SINW device. The SGM results are consistent
growth during axial NW elongation, and on the basis of the With heavily doped end-regions, which do not undergo
growth rates and times, we expect individual p-i-n sections substantial depletion or accumulation in presence of local
of 2.88-1.08-2.88um, respectively® The dopant concen-  tip gate, and a lightly p-type central region, which we refer
tration was varied by controlling the feed-in ratio between to as “i" due to the low effective dopant concentration
silane and phosphine (diborane), and the effective dopantdetermined from reSiStiVity measurements (See abOVG). Taken
concentrations in the p_type and n_type regions were together, these results indicate that the i-region of our p-i-n
estimated to be ca. & 10%cm? and ca. 5x 10Ycms, SiNWs has a length of 1.8 0.2 um, which is consistent
respectivelyt? Synthesis of the undoped region between the With the length estimated from the growth rate and growth
p- and n-type regions was achieved by switching off the time '8 and that the voltage drops primarily across this region
dopant flow while maintaining axial growth. The effective as expected for a well-defined p-i-n structure.
carrier density of the undoped region, ca®lch?, is 16— The electrical properties of p-i-n junctions within nanow-
10* lower than the effective concentration in the p- and n-type ires were also probed by the currehtersus bias voltage
regions, and hence we term this section intrinsic. Although (V) measurements. Representative data recorded from a p-i-n
the exact dopant number is not known in the SINWs, it is SINW device at room temperature (Figure 2c¢) show current
worth recognizing that a concentration of'46m? corre- rectification with significant current flowing at a forward
sponds to only ca. 3 dopants in @fh long 20 nm diameter  bias >1 V. The reverse bias results further show a sharp
Si crystalt® which is consistent with the assignment of this increase at a much larger voltage, 38 V, that we associate
region as intrinsic. with breakdown voltage\s). This sharp increase in current

Low- and high-resolution transmission electron micros- atVg is suggestive of an avalanche breakdown mechatism.
copy (TEM) studies of p-i-n SiNWs (e.g., Figure 1) show The corresponding breakdown field, assuming the voltage
that NW diameters are very uniform over the lengths of the drop occurs across the i-region is cax410° V/cm. Most
structures with no observable end-to-end change. Theseof the p-i-n SiNW devices exhibited similar values \,
results show that simultaneous radial growth, which would indicating good reproducibility in the synthesis of these p-i-n
obscure modulation of electronic properties along the structures. It is also important to note that our devices can
nanowire axi¢® has been effectively eliminated in the growth  sustain high current densities, up to ca® Acm?, without
of the p-i-n SINWs. The low-resolution TEM and SEM (not damage or failure. In addition, we have characterized the
shown) data also show that the average p-i-n SiINW length, temperature of the reverse-bias breakdown behavior (Figure
ca. 6.5um, is consistent with the 6.84m length expected  2d). Significantly, thesé—V data show a positive shift in
based on the growth rates/tiniés$n addition, high-resolution  the onset of breakdown with increasing temperature, corre-
TEM images recorded from the -, and n-regions (Figure  sponding to a temperature coefficient of ca. 30 mV/K. A
1b) demonstrate that these SiNWs have uniform single- similar positive temperature coefficient was reported recently
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Figure 2. Probe microscopy and transport characteristic of p-i-n SINW devices. (a) Schematic of the measurement setup. (b) From top to
bottom: (i) AFM topograph of the p-i-n SINW, (ii) plot of EFM phase shift vs position recorded along the nanowire axis, and (iii) SGM
image taken on the same device. The dark region corresponds to a decrease in current, white dash lines in the SGM image indicate the p-i-n
SiINW between contacts and electrodes. The vertical dash lines mark the intrinsic regions. Scale bar shown in SGMuimaizethe

same for EFM and AFM images. (c) Current vs applied voltage curve for a typical SINW p-i-n junction at room temperature. (d) Current

vs applied reverse voltage data of a p-i-n SiINW recorded at temperature of 200 K (green line), 100 K (red line), and 50 K (blue line).

for p-Si/n-CdS crossed-NW APDB&The measured positive To determine the avalanche multiplication in the i-region,
temperature coefficient confirms that the breakdown mech- we measured the dark currentqf) and the photocurrent
anism is based on band-to-band impact ionization rather than(l,,) from the center of the i-region of p-i-n SINW devices
on band-to-band tunneling that is, avalanche breakdown. as a function of reverse bias voltage as shown in Figure 3b.
To characterize the optoelectronic properties of the SINW At the levels of illumination used in our experiments, the
p-i-n junctions and evaluate their potential as nanoscalely, is up to 1@ larger than thelgac and increases with
APDs, we have combined a scanning optical microscope with increasing reverse bias. Avalanche gain is quantified by
transport measuremerifsA representative photocurrent map calculating the avalanche multiplication facttM, defined
measured from a p-i-n SINW (Figure 3a) shows a large as M = ly/lone, Where lpno is the primary unmultiplied
photocurrent in the middle region of the device, where the photocurrent at the bias voltage at which thgis mea-
position of the SINW devices is highlighted by registered sured!>'® The value of Ipn is obtained from a linear
SEM image overlaid on the photocurrent data. Analysis of extrapolation of thép, in the bias region of from 20 to 25
the photocurrent peaks yield a full-width-half-maximum V where the curve is nearly flat. The plot bfversus reverse
(fwhm) of ca. 500 nm perpendicular to the nanowire axis, bias voltage (red curve, Figure 3b) shows that this device
which corresponds to the upper bound on the spatial exhibits a multiplication factor of ca. 30 for sub-breakdown
resolution of our measurements. The fwhm along the SINW biases. Similar values ®fl have been reproducibly observed
axis, ca. 1.5um, is consistent with the length of the i-region in a number of p-i-n SINW devices, and moreover, we note

characterized independently by SGM and EFM. that these values are comparable to multiplication factors
The photocurrent in the middle region of our p-i-n SINW for planar Si APDS®
devices has a peak value typically?2A.(® times (500 in In addition, the responsivity of the p-i-n SINW photodec-

Figure 3a) larger than the photocurrents measured on the ptors was measured as a function of the incident laser power.
and n-regions. This observation is consistent with the large I, vs laser power (Figure 3c) measured at 22, 20, and 18 V
potential drop and corresponding strong electric field in the show linear dependences with slopes of 1.16, 0.94, and 0.72
i-region, which can efficiently separate photogenerated nA/uW, respectively. As expected, largéy, values are
electron-hole pairs to create a photocurrent. In addition, observed for larger reverse bias voltages at the same incident
negligible photocurrent response is observed at the SiNW laser power. The responsivity of SINW devices is limited
metal contacts, which is distinct from previous studies where by optical absorption and geometric effects; for example,
Schottky barriers dominate the respofi8éThese results  only ca. 0.02% of the incident light is absorbed by a 20 nm
demonstrate clearly that the active detecting region is SiINW photoexcited with a 500 nm fwhm beam with @u®
localized at the i-region of the p-i-n SINWSs. absorption length. If we correct for these limitations on
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o Figure 4. Measurement of the multiplication factors for electrons
100 and holes in p-i-n SINW devices. (a) SEM image of a p-i-n SINW
- device with the i-region masked by a thick high optical density
s 1 1 1 1 polymer?® Scale bar, 2um. (b) Schematics of localized laser
100 200 300 400 excitation of the p- and n-type regions. (g) (red, blue curves)
Power (LW) and l 4o (black curve) vs reverse bias voltage. The blue and red

curves correspond tig, recorded with local photoexcitation of the
Figure 3. Photocurrents from p-i-n SINW avalanche photodiodes. p- and the n-regions, respectively; dark current was subtracted from
(@) Normalized photocurrent map with superimposed SEM image I,y's. (d) Multiplication factors calculated as functions of reverse
of a 20 nm p-i-n SINW. The length of the intrinsic region bias for electrons (blue) and holes (red), respectively.
determined by EFM, and SGM is 1/m. The bias voltage and o . o .
the scanning step size were28 V and 250 nm (inx andy), with increasing of voltage, when laser excitation is on either
respectively. Scale bar, 2m. (b) Photocurrent (black solid line),  p-region (blue curves) or-region (red curves). In addition,
dark current (dashed liné)-V data, and corresponding multiplica-  the photocurrent measured with local excitation of the

tion factor (red line). (c) Photocurrent vs optical power at 488 nm . A ~i~n i At
for reverse bias values of 22 V (blue line), 20 V (red line), and 18 p-region is larger than that observed from local excitation

V (green line). (b) and (c) were measured with the laser focused of th_e nregion over the whole range of reverse bias voltages

onto the center of the intrinsic region. studied (Figure 4c}? These results indicate that the multi-
plication factor for electrons, the minority carriers injected

absorption in p-i-n SINW photodectors, the responsivity is into the high-field i-region upon photoexcitation of the

comparable to values for planar Si APD deviég®By p-region, is larger than that for holes.

operation of the device in the Geiger mdd¢he sensitivity These data have been used to determine the multiplication
could be substantially increased to overcome intrinsic factors for electron and hole injectiord,, and My, respec-
geometric and absorption limitations. tively. The multiplication factors are defined & = I1/lno

We have also investigated the multiplication factors for andMp = Ip/lpe, Wherelng (1p0) is the primary photocurrent
holes and electrons by local photoexcitaffoof the p-type (i.e., with unity gain) under the condition of pure electron
or n-type regions of p-i-n SiINW devices as shown in panels (hole) injection?® |0 and I, are obtained from a linear
a and b of Figure 4° The I, versus reverse bias voltage extrapolation of the photocurrent data at biases below the
results shown in Figure 4c demonstrate that the photocurrentsonset of avalanche breakdown (inset, Figure 4b). This linear
are larger than the dark current (black curve) and increaseextrapolation somewhat underestimatels; an accurate
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evaluation of the latter would require a detailed physical Systems (CNS). C.M.L. acknowledges support of the Air

model for the voltage dependencel gf As shown in Figure

4d, M, reaches a value of ca. 100 whil4, is ca. 20 when

the applied bias is approaching the breakdown voltage. This
implies that the ionization rate for electrons is significantly
higher than that for holes in agreement with a large body of
work in silicon avalanche devicé3?1:31.33t has been a well-
known fact that, in p-i-n junctions with constant electric field,

simple analytical expression can be established to relate the

ionization rate of electronsn and holes ) and M, and

M,, which allows one to determine and as a function of
electric fields?* We have not followed this procedure here
since accurate knowledge of the field distribution along the
SiINW, which may cause a large error in the determination
the ionization rates due to their exponential dependence on
the electric field, is not known. Accurate measurements of
o andg could provide crucial information for understanding
carrie—phonon interactions at high electric fiefdsnd, in
sufficiently small diameter SiNWs, the dependence of impact
ionization on crystal orientatiot. Such experiments might
also shed light on the effect of optical phonon confinement
on ionization coefficients in SINW&'

In summary, we have described a general and controlled
approach for synthesizing single-crystal p-i-n SiINW struc-
tures. High-resolution TEM, EFM, and SGM were used to
spatially define the structure and electrical properties of the
three regions along the SINW p-i-n structures. Temperature-

Force Office of Scientific Research.
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