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ABSTRACT 

 

Carrier multiplication (CM), the creation of electron-hole pairs from an 

excited electron, has been investigated in a silicon p-n junction by multiple 

probe scanning tunneling microscopy. The technique enables an 

unambiguous determination of the quantum yield based on the direct 

measurement of both electron and hole currents, that are generated by hot 

tunneling electrons. The combined effect of impact ionization, carrier 

diffusion and recombination is directly visualized from the spatial mapping 

of the CM efficiency. Atomically well-ordered areas of the p-n junction 

surface sustain the highest CM rate, demonstrating the key role of the 

surface in reaching high yield. 
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Under illumination, charge carriers in semiconductor materials gain an energy that can far exceed 

the semiconductor bandgap. To return to the equilibrium conditions, several relaxation mechanisms 

exist. The predominant one in bulk materials corresponds to a transfer of energy to the lattice through 

phonon emission. But hot carriers can also scatter with other charge carriers leading to impact ionization 

phenomena. The generation of new electron-hole pairs, that supplants the energy transfer through heat 

dissipation, is very attractive for power conversion and photodetection applications. Strong efforts are 

devoted to increase its efficiency through the design of novel nanomaterials or clever band structure 

engineering.1,2,3 For example, intensive work has been achieved to study carrier multiplication (CM) in 

semiconductor nanoscrystals,4,5 with the hope to improve the efficiency of solar cell.6,7 Recently, high 

CM rates have also been demonstrated in avalanche photodiodes and phototransistors based on the use 

of semiconductor heterostructure nanowires and hybrid graphene-quantum dot systems.8,9  

Hot carriers are usually generated by the absorption of photons with sufficient excess energy 

above the band gap. The dynamics of photogenerated carriers as well as the carrier population have been 

successfully probed with time-resolved optical spectroscopic techniques. 4,5 But, in these experiments, 

the relaxation of electron and holes can not be distinguished, the generated charge carriers are not 

collected as a photocurrent, and, due to the limited spatial resolution of the photon source, the 

experiments involve the integration of data over a volume many times the size of nanomaterials such as 

quantum dots. Therefore, the demonstration of a photocurrent resulting from CM is an important 

research goal and should take along with an increase of the spatial resolution. To solve this issue, 

scanning tunneling microscopy is quite appropriate since this technique produces a spatially localized 

beam of electrons with variable energy. When it is used to perform ballistic electron emission 

microscopy (BEEM), it has been shown that a fraction of the collected current consists of electrons 

generated by hot incident electrons.10 However, separating their contributions from the ballistic electrons 

to determine the quantum yield (QY) for CM is not straightforward and might be fraught with 

incertainty (see Supporting Information). 
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A more accurate approach for measuring QY would consist in collecting not only the generated 

electrons, but also the excited holes, since CM implies the creation of electron-hole pairs. Indeed, their 

detection constitutes the most compelling evidence for the production of extra charge carriers. In this 

work, we report a novel method to measure QY in materials and devices that fulfils both requirements: a 

localized excitation of the hot electrons and a detection setup that measures the generated electron and 

hole currents, enabling the direct mapping of QY at the nanoscale. The experimental scheme, that is 

based on the use of a multiple probe scanning tunneling microscopy (STM) system,11,12,13 is depicted in 

Figure 1a. Two STM tips in electrical contact with the highly doped regions of a p-n junction polarizes 

the diode in reverse-bias. A third tip injects tunneling electrons into the conduction band states of the 

sample at a well defined energy (current It). At small energy separation between the Fermi level of this 

tip and the bottom of the conduction band in the sample, the tunneling electrons drift through the n layer, 

as shown in the upper energy band diagram of Figure 1a. When the energy separation exceeds the carrier 

multiplication threshold (lower energy diagram), the tunneling electrons generate electron-hole pairs. 

The tunneling electrons and the generated electrons (current Ie-) flow towards the n++  contact, whereas 

holes (current Ih+) flow towards the p++  contact and are readily measured. The comparison between the 

increase of the hole and electron currents and the tunneling current allows to unambiguously quantify 

the product of CM with the collection efficiency in the diode. Furthermore, as the tunneling tip can be 

scanned over the whole surface of the sample, measurements of the different currents yield the minority 

carrier diffusion length outside the space charge layer and a spatial map of QY in the space charge layer, 

due to the efficient separation of the charge carriers in this region.  

To achieve this goal, we built Si diodes in a n-type (100) silicon wafer doped with 4.5 x 1016 

As.cm-3. The scanning electron microscopy (SEM) image of a typical Si diode is shown in Figure 1b. 

The p++ and n++ regions are clearly identified, the p++ region exhibiting a brighter contrast, relative to the 

n-type regions, consistent with the literature.14 By contacting both highly doped regions with tips 1 and 2 

in ultra high vacuum (UHV), a good rectifying behaviour is measured (Figure 1c). Based on the 
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simulation of the dopant profile in the diode (Figure 1d), we estimate the width xn=(2rVbi/eND) of the 

space charge layer to be in the range of 150 nm, where r is the dielectric constant of silicon, Vbi the 

built-in potential, e the elementary charge and ND the donor concentration of the substrate. With the help 

of the SEM image, tip 3 is then positioned in tunneling regime above the space charge layer. 

Spectroscopic measurements are performed with a closed feedback loop.15 In this regime, the tunneling 

current is kept constant, whatever the bias Vt applied between the n++ region and tip 3, as seen in Figure 

2(a). Along with the measurement of the tunneling current that is injected by tip 3, the current due to the 

majority carriers in the n and p regions are also measured with tips 1 and 2, the diode being slightly 

reverse biased with a voltage Vp of -15mV. We note that the sum of all three currents should be zero 

with the reference direction of the currents chosen in Figure 1(a).  

Figure 2(b) shows a set of spectra for the electron current Ie-
 measured with tip 1 at the different 

setpoint currents It. Below Vt=2V, the difference between  the electron current Ie- and the polarization 

current of 64 pA, that is caused by the reverse bias of the diode, is strictly opposite to the tunneling 

current It. In this voltage range, a small hole current Ih+ is also measured and corresponds to the 

polarization current of the diode (see Figure 2(c) and Figure S2(d) in the Supporting Information).  We 

note that Ih+ and Ie- have opposite signs, because tip 2 and tip 1 collect holes and electrons respectively. 

Above Vt=2V, Ih+ and Ie- first slightly varies and, then, when Vt becomes higher than 4V, strongly 

increases, whereas It is maintained constant. This observation is verified whatever the setpoint current, 

meaning that additional charge carriers are generated in the junction. The number of electrons and holes 

respectively collected by tips 2 and 3 are roughly symmetric. We thus attribute this increase to impact 

ionization, where a hot tunneling electron relax to the conduction band edge by generating an electron-

hole pair. 

 QY is usually defined as the number of created electron-hole pairs divided by the number of 

injected electrons. We stress that generated electrons and holes can be lost, because of the (surface) 

recombination processes that take place during the time the carriers diffuse or drift in the diode. As a 
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result, the measured QY corresponds to the net extra-charge carriers, that are effectively collected by 

tips 1 and 2, divided by the number of injected electrons: 
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QY is plotted in Figure 2d. It rises rapidly above Vt=4V, reaches a plateau and then increases almost 

linearly, consistent with theoretical predictions of impact ionization in Si16 and BEEM experiments.10 

However, we note small variations between our result and these previous works. The first one is related 

to the threshold voltage, for which impact ionization starts. It depends on the energy onset of impact 

ionization and the position of the conduction band states relative to the Fermi level. In our case, the 

Fermi level is pinned at the bottom of the * surface states band, 0.85 eV above the top of the valence 

band.17 Because the screening of the electric field by the surface states is only partial on the Si(100) 

surface, a stronger tip-induced band bending arises in comparison with Ref. 10, accounting for a higher 

threshold voltage. We also see a dip in the current Ih+ between Vt=2V and 4V. We suggest that it is 

caused by the upward tip-induced band bending in the depletion layer (see section 3 of the Supporting 

Information), favoring the drift of electrons towards the p++ region and making the current Ih+ negative. 

Finally, the generation of electron-hole pairs corresponding to the plateau (Vt=6V) is smaller than the 

one predicted in Ref. 16 for reasons discussed below. 

In order to grab the influence of the surface on the lifetime of the generated charge carriers, we 

have first studied the currents Ie- and Ih+ as a function of the lateral position of tip 3 at a voltage higher 

than the threshold voltage. For that purpose, the feedback of the STM adjusts the distance between tip 3 

and the Si(100) surface at constant Vt, while tip 3 is scanning and the diode reverse biased. Figure 3a 

highlights an area of the Si(100) surface, defined by the yellow dotted rectangle, where the topography 

and the map related to Ih+ have been simultaneously acquired at Vt=7V (insets of Figure 3a and b 

respectively). The clusters seen at the right of the topography corresponds to the defective inner corolla 

region at the boundary of the n++ region. The corrugation of the outer corolla looks smoother in the 
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topography consistent with the SEM image (700 nm < X < 1000nm). Further away the roughness 

increases, but no significant change is visible between the lightly doped n-type region and the p++ region. 

Only the overall colour contrast becomes slightly brighter in the left part of the image, suggesting a 

modification of the electrical property of the layer. The image of the Ih+ signal (inset of Figure 3b) shows 

much stronger contrast variations that are assigned, based on the SEM image of Figure 3a from right to 

left, to the n++ region (dark), the lightly doped n region, the space charge layer (very bright) and the p++ 

region (black).  

A better resolved variation of Ih+ is also seen in the line profile of Figure 3b, when tip 3 scans the 

surface in line mode. In the lightly doped n region close to the n++ region, the intensity of Ih+ is primarily 

given by Ipol, because the holes generated by impact ionization rapidly recombine with the majority 

charge carriers. As tip 3 moves towards the p++ region, more and more holes reach the space charge 

layer and are extracted by the built-in electric field to be collected by tip 2. In the space charge layer that 

shows a width of 80 nm, slightly smaller than the estimated width, the signal saturates: electrons and 

holes are efficiently separated and collected by the electrodes. Finally, in the p++ region, the negative 

signal indicates that the electrons are now collected by tip 2.  

A comprehensive analysis of the charge carrier dynamics is achieved by analytically solving the 

continuity equation using an one-dimensional model. In steady state, the continuity equation for holes in 

the n-type region is given by:   
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where p, Dp, p,  and p are the hole concentration, the hole diffusion coefficient, the hole mobility, the 

hole generation rate and the carrier lifetime. In this equation, the first and second terms correspond to the 

diffusion and the drift of holes that are respectively driven by the hole density gradient and the electric 

field ξ. The third term is the generation of holes from impact ionization. It solely occurs at the position 

of tip 3, labelled xg in Figure 1a, and is thus modeled with a delta function . The last term corresponds 
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to the recombination of holes in bulk and at the surface. The equation can be solved using the Laplace 

transform, by fulfilling two boundary conditions: (i) all holes are extracted by the built-in electric field 

once they have reached the depletion region, consistent with the experimental saturation of the hole 

current in this region, meaning p(xn)=0; (ii) the hole current density at the place of generation equals e. 

Calculations of the current density at the position xn as a function of xg allows to fit the current profile of 

Figure 3b by adjusting p.  

From the curve fitting, we deduce a hole carrier diffusion length of 
ppp DL  =80 nm in the 

lightly doped n-type region. This value is much smaller than the expected diffusion length in bulk for the 

related dopant concentration.18 Although a more accurate analysis should have taken into account the 

modification of the surface potential induced by tip 3, this large discrepancy reveals a fast  

recombination of the holes with a lifetime of p6.4ps. Ignoring the negligible contribution of the bulk 

carrier lifetime, p is given by the ratio between the width of the hole accumulation layer, caused by the 

surface pinning of the Fermi level above midgap, and the surface recombination velocity S.19 With the 

width deduced from the surface built-in potential of 100 meV in the lightly doped n-type region, S is 

found to be three orders of magnitude higher than the surface recombination velocity measured on an 

atomically well-ordered Si(100) surface.20 While the low energy electron diffraction (LEED) pattern of 

the sample surface is consistent with the typical (2x1) reconstruction (Figure 3c), the STM images do not 

only reveal the presence of Si dimer rows (Figure 3d), but also many point defects and clusters, in 

agreement with the SEM image. Based on the analysis of the surface composition with Auger 

spectroscopy (Figure 3e), the presence of carbon and oxygen peaks prior to the UHV sample preparation 

suggest that the observed clusters are primarily made up of silicon and silicon carbide after annealing at 

a temperature of 850°C. All these surface defects trap the diffusing holes and account for a high surface 

recombination velocity.21  
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The loss of generated carriers is directly visible in the quantum yield image that is calculated with 

equation (1) and shown in Figure 4b at Vt =7V. In the lightly doped n-type region (right part of this 

image), QY is always below 0.5 and rapidly decreases to zero as tip 3 moves away from the space 

charge layer, consistent with a higher number of clusters on the way of the charge carriers. Conversely, 

in the space charge layer, QY approaches one, indicating that the generated charge carriers drift without 

being trapped by the clusters. This is particularly true in atomically flat areas that are separated by 

clusters from the p++ region (Figure 4a). They show a similar QY as the clean areas that appear bright all 

along the width of the space charge layer.  

Interestingly, the comparison of the topography and the QY image in the space charge layer 

shows that QY is always smaller when tip 3 injects electrons on the clusters. While this effect could be 

caused by a higher threshold voltage due to a difference of work function between the clean areas and 

the clusters, Figure 4c readily shows that this is not the case. For the majority of clusters, the threshold 

voltage was not found to significantly change. Therefore, the reduction of QY in the clusters is either 

caused by a reduction of the density of states in comparison with the bulk state of Si,2,22 or by ineslastic 

scattering of electrons and/or by a fast recombination of the generated electron and hole. This last 

explanation is in line with surface photovoltage measurements that found a recombination rate four 

times higher on similar clusters than on Si dangling bonds on the Si(111)-(7x7) surface.23 It is consistent 

with the short lifetimes between 1 and 100ps that have been predicted in semiconductor nanocrystals due 

to multiphonon capture by localized surface states.24 It could also involve, albeit to a much lesser extent, 

the radiative recombination of the generated holes with additional hot electrons supplied by tip 3, giving 

rise to ultraviolet luminescence.25,26 

 In conclusion, we have described a new method to study CM in semiconductor junctions. As the 

technique discriminates between charge carriers of opposite sign, it provides a direct and accurate 

determination of QY. Its use offers several benefits, a high spatial resolution, a strong sensitivity to 

trapping centers at the surface, an arbitrary arrangements of the probe. Because the tunneling electrons 
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can also be transferred through thin oxide layers and have a penetration of a few nanometers in the 

semiconductor materials, we envision that the same technique is suitable in air or in liquid using either a 

STM tip or the probe of a conductive atomic force microscope. This technique being quite versatile, it 

opens up interesting prospects for the investigation of CM efficiency in more complex semiconductor 

materials at the nanoscale as well as the study of avalanche amplification in electronic and 

optoelectronic devices.   
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FIGURES  

 

Figure 1. (a) Experimental scheme for the measurement of the carrier multiplication rate in a Si diode. 

Two STM tips 1 and 2 are in contact with the n++ and p++ regions of a diode that is polarized with a 

reverse bias Vp. The third STM tip injects tunneling electrons to the Si(100) surface at a bias Vt. At low 

bias, the electrons relax to the bottom of the conduction band (CB) and diffuse towards the  n++ region, 

where they are collected as a current Ie-. At high bias, the relaxation of the electron leads to the 

generation of an electron-hole pair. Both electrons diffuse towards the n++ region, while the hole in the 

valence band (VB) drifts towards the p++ region, where it is collected as a current Ih+ by tip 2. (b) 

Scanning electron micrograph of the Si diode, where the highly doped regions are respectively labelled 

p++ and n++, the lateral extent of the space charge region being delimited by the curved dotted lines at the 

positions x = 0 and xn respectively. (c) Diode electrical characteristic. (d) Simulated dopant profile 

across the junction. Positive and negative values correspond to donor and acceptor concentrations 

respectively. 

 

Figure 2. Simultaneous measurement in closed loop of (a) tunneling current spectra, (b) electron current 

(Ie-) spectra and (c) hole current (Ih+) spectra acquired with tips 3, 1 and 2 respectively. The 

measurement was performed in the space charge layer. (d) Voltage dependence of the quantum yield. 

For clarity, the plots of the quantum yield are restricted to six different setpoints for the tunneling 

current. 

 

Figure 3. (a) Scanning electron micrograph of a Si diode, where the area scanned with tip 3 is delimited 

by the dotted rectangle. Inset: STM image acquired in the dotted rectangle (Vt=7V, It=1nA, scan rate: 

0.036 Hz). (b)  Hole current profile averaged 30 times when scanning a single line across the junction. 

The red line shows the calculated fit of the hole current based on the continuity equation. Inset: Hole 



 14 

current image acquired simultaneously with the topography shown in the inset of (a). (c) LEED pattern 

of the sample surface showing the (2x1) structure of the Si(100) surface. (d) High resolution STM image 

of the sample surface (Vt=-2V, It=0.1nA). (e) Auger electron spectroscopy spectrum of the sample 

surface prior to the Joule heating. C and O yield for carbon and oxygen species respectively. 

 

Figure 4. Simultaneously acquired (a) topography and (b) map of the carrier multiplication efficiency in 

the vicinity of the space charge layer (SCL) of the p-n junction (Vt=7V, It=1nA, scan rate: 0.036 Hz). (c) 

Voltage dependence of the quantum yield measured on a clean area (black) and on a cluster (red).  
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