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3 Carrier multiplication in

indium nitride

3.1 Introduction

Carrier multiplication (CM) is the process by which the excess energy of a pho-

toexcited electron (or hole) in a semiconductor is used to promote additional

electrons across the bandgap, see Figure 3.1. CM has been explained in terms

of impact ionization [39, 86], and different studies have consistently shown that

CM occurs in many bulk semiconductor materials [86, 87, 88] and nanostruc-

tures [89]. CM can, in principle, be exploited for boosting solar cell efficiencies

beyond the Shockley-Queisser limit [12, 39] under otherwise identical conditions,

as it increases the potential solar cell photocurrent while reducing thermalization

losses. Theoretical studies have shown that the maximum efficiency achievable

by CM exceeds 44 %, obtainable for an ideal absorber material with an optical

bandgap of 0.7 eV, see section 3.A and references [40, 41]. InN is a promising

candidate for CM-based photovoltaics, having recently been discovered to have

Eg

Figure 3.1. Illustration of carrier multiplication: a high energy photon (blue) excites

an electron hole pair. The excess energy of the electron and/or the hole is transferred

to secondary electron hole pair(s) (red).
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40 Carrier multiplication in indium nitride 3.3

a bandgap close to 0.7 eV [90, 91, 92], and fulfilling two requirements for high

CM performance [39]: (i) a wide phononic bandgap between optical and acous-

tic phonons and a narrow optical phonon bandwidth [93], expected to reduce

energy losses caused by phonon emission [92], and (ii) an asymmetric valence

and conduction band structure [94] that results in a large electron/hole effec-

tive mass-mismatch. The latter property means that the excess photon energy

is preferentially transferred to the electron, rather that the hole [95], making it

more probable for the electron to cause CM. Such characteristics offer the poten-

tial for InN to reach high photo-conversion efficiencies via CM. In this chapter,

the CM efficiency in bulk InN is quantified. The findings are compared to other

semiconducting materials from literature, and the implications for photovoltaic

performance are discussed.

3.2 Sample

The investigated sample is a monocrystalline 0.5 µm thick InN layer grown

by molecular beam epitaxy. Photoluminescence and optical absorption mea-

surements revealed an optical bandgap for the InN film of less than 0.7 eV,

indicating an intrinsic doping concentration on the order of 1018 cm−3, which

is comparable to other reported values for clean InN [96, 97].

3.3 Results and discussion

3.3.1 Quantifying the Carrier Multiplication effi-

ciency

Carrier multiplication efficiencies vs. excitation wavelength were quantified us-

ing THz time domain spectroscopy (THz-TDS), see section 2. An advantage of

using a high-frequency (terahertz) probe to determine the conductivities over

device photocurrent measurements is that the conductivities are inferred locally

by the oscillating optical probe field. In device photocurrent measurements,

charges move over large distances between physical contacts, and are therefore

more subject to defects and irregularities in the material. Furthermore, in THz-

TDS experiments, photoconductivities are measured on timescales of ps after

excitation, which means that complications caused by radiative recombination

and recombination at surfaces and interfaces, see section 1.1, can be avoided

[88]. The photoconductivity measurement involves measuring the photoinduced

change in transmitted THz field (∆T ) and the total THz transmission through
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Figure 3.2. Magnitude of photoinduced THz absorption ∆T scaled to total trans-

mitted THz intensity T divided by photon fluence (photons / m2) vs. pump delay at

seven excitation wavelengths indicated by their corresponding photon energies. It is

evident that for higher photon energies a larger signal per photon is observed, which

is attributed to CM. Traces are positioned in time so as to cross in a single point.

the unexcited sample (T ) for reference. The ratio ∆T/T measured on the peak

of the THz waveform is proportional to the real part of the samples’ photo-

conductivity (section 2.3) which is determined by the product of the carrier

density N , the elementary charge e, and the carrier mobility µ. The measured

THz photoconductivity of our InN sample is positive, which is seen as negative

∆T/T values (equation (2.10)). In Figure 3.2 we plot the magnitude of ∆T/T

divided by the excitation fluence as a function of pump-probe delay for various

excitation photon energies. As excitation occurs with an optical pump pulse du-

ration on the order of 100 fs, effectively instantaneous in our measurement, the

gradual rise in THz absorption implies a time-dependent increase in the product

µ · N after the initial excitation. Presumably, the short-lived initial negative

signal, observed just after excitation for pumping energies above 1.55 eV, can

be related to stimulated THz emission from hot carriers in the InN layer [98].

An increase in µ can be explained by two separate mechanisms: Firstly, as µ

is inversely proportional to the carrier effective mass m∗ (see (2.13)), a gradual

increase in µ can be understood by considering changes in m∗. Electrons are

initially photoexcited well above the InN conduction band minimum. In these

high energy states, m∗ is larger (than at the bottom of the conduction band)

due to the non-parabolicity of the bands [97, 99]. Therefore, with increasing

pump delay, a gradual cooling of the hot electrons results in a decrease in m∗,

consequently increasing µ. Secondly, if a high carrier density is initially created
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Figure 3.3. Real (red) and imaginary (blue) parts of the photoconductivity vs.

probe frequency measured 10 ps after excitation by a 3.10 eV pump pulse at absorbed

fluence 2.8 · 1016 m−2 and fitted to eq. (2.14). The density of excited electrons (N)

was extracted assuming an effective mass of m∗ = 0.13 m0.

within a thin layer of the sample, as can be the case when the pump energy is

far above the absorption threshold, momentum randomizing elastic scattering

events of excited electrons with holes and hot phonons can cause an initially

lower µ [100], which increases with time, as diffusion reduces the total charge

density [57, 70]. The changing carrier density does not affect the measured

photoconductivity directly (through N) as we are sampling the whole thickness

of the InN layer. Additionally, the CM process itself is expected to generate

secondary excited electrons after the initial excitation, causing an increase in N

with time after excitation. After ∼6 ps the signal reaches a constant plateau for

all pump energies. The flat behavior after the initial rise indicates the absence

of recombination events on the measured time scale. This is in agreement with

the low defect concentration expected in our sample.

From Figure 3.2 it is clear that the magnitude of the photoconductivity per

absorbed photon increases with increasing photon energy, which is indicative

of CM. However, assessing the number of excited charge carriers per absorbed

photon from the data shown in Figure 3.2 requires knowledge of the carrier

mobility, µ. µ can be determined from the complex conductivity of the photo-

excited charge carriers as function of the probe (THz) frequency by application

of an appropriate conductivity model, section 2.4. The measured complex fre-

quency resolved conductivity was fitted to the Drude model for free carriers in

a momentum randomizing scattering medium, equation (2.14) in section 2.4.1,

which is commonly used in bulk materials. An example of data and fit is shown
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Figure 3.4. THz photoabsorption (proportional to the photoconductivity) versus

absorbed excitation fluence for multiple photon energies.

in Figure 3.3. It is evident from the figure that the conductivity is well described

by the Drude model. From (2.14) we see that the mobility µ is determined by

the mean scattering time τ s and the effective mass m∗. m∗ is assumed to be

the same at all excitation photon energies after the initial carrier thermaliza-

tion in Figure 3.2. By measuring photoconductivity versus probe frequency at

a number of photon energies and -densities and fitting to (2.14), we found that

τ s takes a value of 52 ± 6 fs, independent of excitation energy and intensity

(measurements were performed at 1.55 eV, 3.10 eV and 4.66 eV at excitation

fluences Φph ranging from 3 · 1015 m−2 to 1 · 1017 m−2). Thus µ is constant

within the range of experimental conditions employed here, and the dependence

of the magnitude of ∆σ(ω) (i.e. ∆T/T ) on excitation energy at long times (Fig-

ure 3.2) must be caused by variations in the carrier density. The conductivity

normalized to absorbed fluence |∆T/T |/Φph is therefore a direct measure of the

efficiency of photo-excitation, or Quantum Yield (QY).

The measurements shown in Figure 3.2 were performed at a range of excita-

tion fluences (ranging from 2.9 · 1015 m−2 to 4.7 · 1016 m−2) for each excitation

energy. The magnitudes of ∆T/T taken on the flat plateau after the initial rise

seen in Figure 3.2 are plotted versus the excitation fluence in Figure 3.4. The

signal magnitude is seen to scale linearly with the excitation fluence; showing

that interactions between photoexcited carriers at high fluences are not signif-

icant [100]. The slope of ∆T/T vs. fluence is proportional to the quantum

yield. This is plotted (black dots) versus pump photon energy in Figure 3.5.

Figure 3.5 shows that carrier multiplication occurs at photon energies starting

from approximately 1.7 ± 0.2 eV, which is between two and three times the
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Figure 3.5. Black dots show the measured Quantum Yield (QY) vs. photon energy

for InN (the black line is a guide to the eye). CM is observed at energies above 1.7

± 0.2 eV equal to ∼ 2.7 times InN Eg. In blue the QY of an ideal CM absorber [41]

with Eg = 0.64 eV is shown, and in red, the AM1.5G solar spectrum [4].

value of the bandgap for InN. Below this CM onset value we can assume to

have a QY of 100 %. That is, the number of excited carriers N equals the num-

ber of absorbed photons. With this assumption we find, fitting the frequency

resolved photoconductivity measured with 1.55 eV excitation to (2.14), that the

electron effective mass m∗ for our InN sample is 0.13 m0 (where m0 denotes

the free electron mass). This value is consistent with previously reported values

ranging from 0.05 m0 to 0.24 m0 [90, 101, 102, 103, 104, 105, 106, 107, 108].

Above the CM onset the QY rises linearly with photon energy with a slope of

21 % of the pre-CM onset value per eV, which is equal to a 13 % increase per

Eg (Eg = 0.64 eV [92]).

Table 3.1 shows a comparison of the CM onset and efficiency slope measured

for InN with other bulk semiconductor materials from previous works. The

experimental CM behavior for all materials in table I is quite different from that

of an ideal absorber (see blue line in Figure 3.5). Ideally, (i) CM should start

at the lowest energetically allowed value, 2Eg, and (ii) the QY should increase

by unity each time the excitation energy increases by a unit of Eg. The causes

for the deviation from ideal behavior are discussed in the following. Regarding

(i), the later onset of CM (at 2.7Eg, rather than 2Eg) results from the excess

photon energy being distributed over the initially excited electron and hole. For

CM to occur, one or both charge carriers need to have surplus energy in excess

of Eg to facilitate a secondary interband transition over the bandgap. The

total photon excess energy is distributed - to a first approximation - according
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Table 3.1. Measured CM properties and calculated solar cell efficiencies for InSb,

PbSe, PbS, InN and Si. From left to right the columns show material bandgap Eg

(eV), relative CM onset and slope efficiencies, solar power conversion efficiency simu-

lated (see appendix 3.A) using the experimental CM onset and slope, and lastly the

conversion efficiency increase caused by CM. Data from PbSe, PbS and InN were mea-

sured using THz-TDS, while data from InSb and Si were obtained from device current

measurements.

Eg (eV) CM On-

set / Eg

CM slope

× Eg (%)

Simulated Power

conversion effi-

ciency η including

CM (%)

Efficiency increase

caused by CM (%

point)

InSb [87] 0.17 2.5 12 1.5 1.06

PbSe [88] 0.27 6.6 18 4.3 0.57

PbS [88] 0.42 4.8 32 11.7 1.04

InN

(present

work)

0.64 2.7 ± 0.3 13 ± 1 21.7 0.98

Si [86] 1.12 2.9 25 33.5 0.05

to the electron and hole effective masses: the lighter particle receiving more

energy than the heavy particle [95]. Figure 3.1 shows the situation where the

electron is lighter than the hole, meaning that the curvature of the conduction

band is greater than that of the valence band. Here it can be seen that for

a vertical, optical transition, the lighter electron receives a greater part of the

photon energy than the hole. Thus, in the case of similar effective masses for

electrons and holes, as is the case for the lead salts PbSe and PbS [18], the

CM onset occurs at higher relative photon energies since the excess excitation

energy is distributed uniformly between electrons and holes. Conversely, InSb,

InN and Si all have rather large differences between me and mh [18] (effective

hole masses of 0.45∼0.65 m0 have been reported for InN [94]) which allows

for CM onsets closer to the ideal 2Eg. However, since the excited electron (or

hole) must spend a certain amount of time in a higher energy state for CM to

be probable, deviations from the ideal behavior occurs. Competing relaxation

processes (see below) reduce the QY, particularly for small excess energies just

above a CM threshold [109]. This explains why the CM efficiency does not

rise in a step like manner as in the ideal case shown in Figure 3.5, but rather

as a straight line. Regarding (ii), the relatively small slope of the QY after

the onset can be traced to processes competing with CM, specifically phonon

assisted relaxation [39, 86, 110]. Above the CM onset the slope of the QY vs.
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photon energy is determined by the relative rates of the loss channels vs. the

impact ionization rate. While multi-phonon relaxation seems to be fairly slow

in InN (see the ∼ ps rise of the signal in Figure 3.2, which will be discussed

in more detail in section 3.3.2), the impact ionization rate may also be lower

than in other materials. This rate is determined to an important extent by the

initial (single high-energy e-h pair) and final (two e-h pairs) densities of states

[88] for the CM process. In InN the valence and conduction band valleys at the

Γ point are non-degenerate [111], which may account for the low CM efficiencies

observed. More detailed aspects of the energy band structure, facilitating the

conservation of energy and momentum in the secondary interband transition,

have also been suggested to have an impact on the CM efficiency [39].

Using the method described in detail in appendix 3.A, the maximum power

conversion efficiency η achievable from a photovoltaic device was calculated

based on the materials presented in table 3.1. Calculations were performed

using the detailed balance model [41], taking into account the energy overlap of

the QY with the solar spectrum (AM1.5G). The QY was assumed to be 100 %

for energies between Eg and the CM onset, and includes the experimental CM

onsets and slopes for each material. For InN a conversion efficiency of 21.7 %

is calculated, significantly lower than the theoretical limit of 42.8 % (calculated

with an ideal, step-like QY and Eg = 0.64 eV). Without CM the conversion

efficiency of an absorber with Eg = 0.64 eV is 20.7 %, indicating that the

CM processes observed here has the potential to increase the total conversion

efficiency of an InN photovoltaic device by 1 % point. This conclusion is in

agreement with a recent report [112] showing that, owing to the competition

between carrier cooling and simulated hot carrier extraction/impact ionization,

the maximum efficiency of an InN based solar cell is indeed close to the Shockley-

Queisser limit for that bandgap. From the simulated efficiencies in table 3.1 it

is clear that the improvements in power conversion efficiency of a PV device

owing to the CM process are minor for the materials studied here. It has been

proposed [39] that tailoring the band structure of a material, for example by

alloying Si with Ge, can increase the rate of impact ionization, boosting the

efficiency of CM beyond that of conventional materials. In this manner, bulk

materials yielding significant PV efficiencies through CM may yet be attainable.

3.3.2 Carrier dynamics

In order to gain more insight into the processes occurring during the first pi-

coseconds after excitation, we fitted the signal buildup seen in figure 3.2 to a

simple exponential function of the form N long · [1 − exp(−∆t/τ rise)] at each
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Figure 3.6. Exponential rise times extracted from the data shown in figure 3.2. Inset

shows the THz absorption data normalized to the end level.

photon energy over a wide range of fluences. The fitted time constants τ rise are

shown in Figure 3.6. τ rise was found to be independent of excitation fluence,

and similar τ rise values were found for all tested excitation energies above 1.5 eV

and smaller for lower energies.

As mentioned in section 3.3.1, the rise of the photoconductivity in InN just

after excitation is affected by the cooling of the photoexcited carriers through

the conduction band. As the carriers cool to lower energies, the effective mass

decreases because of the nonparabolic bands in InN [97, 99], increasing the con-

ductivity. Additionally, the increase in conductivity after photoexcitation can

be influenced by the change in carrier density as the photoexcited carriers dif-

fuse through the sample. However, as the dynamics shown in Figure 3.6 were

found to be independent of excitation fluence, we neglect the influence of time-

dependent carrier density. In the following we therefore explain the observed

signal rise times as a cooling of the photoexcited carriers. From the data in

Figure 3.6 there appears to be a bottleneck in the relaxation process for carriers

excited with 1.5 eV photons so that carriers excited to higher energies quickly

thermalize to this energy, but subsequently take on average 1.2 ps to lower their

energy to the bottom of the conduction band. It has been reported [113, 114]

that the energy relaxation rates of hot electrons in InN should at room tem-

perature be dominated by inelastic scattering with longitudinal optical (LO)

phonons. However, the relatively slow carrier cooling times previously reported

[113, 115] and also observed here, were found to be inconsistent with the rather

short theoretically predicted LO phonon scattering times. This discrepancy was

initially ascribed to the ‘hot phonon effect’ [113, 114] where phonons emitted
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by the cooling carriers cause a phonon bottleneck effect, leading to phonon re-

absorption by the carriers. More recent studies [115, 116, 117] have attributed

the long observed carrier cooling times to screening of the electron-phonon in-

teraction by free electrons originating mainly from unintentional doping of the

samples. In [115, 116, 117] InN samples of decreasing levels of background dop-

ing were photoexcited with 0.95 eV photons in the pertubative regime of low

excitation density, and progressively faster cooling times, going from 1.4 ps [115]

to 400 fs [116] to less than 100 fs [117], were observed as the background elec-

tron density in the samples was reduced. The authors concluded that the carrier

cooling rate is proportional to the LO phonon emission rate [118], which is lim-

ited by the screened Frölich interaction. The cooling rate is then proportional

to [1+ (N/N c)
2]−1 [115] where N is the total free carrier density in the sample

and N c is the critical carrier density which is reported to be ∼ 1.5 · 1018 cm−3

in InN [119]. It was found experimentally [116] that in the limit of photoexcited

carrier densities smaller than the background density, the cooling rate was not

significantly affected by the photoexcitation density. In the electron-LO phonon

screening picture, this can be explained by the fact that it is the total carrier

density that determines the cooling rate.

In our InN sample we do not know the background density exactly, but as

stated in section 3.2 we know that it is on the order of 1018 cm−3. This is

comparable to the critical carrier density N c, which means that there is some

level of electron-phonon screening caused by the background carriers in our

sample. The screening then also explains why we do not see the fast sub 100 fs

decay times observed in [117] even for 0.95 eV excitation.

The highest initially photoexcited carrier densities for the data in Figure 3.6

were on the order of ∼ 1017 cm−3, lower than the background carrier density,

which might explain why the signal rise times were found to be independent of

excitation density.

3.4 Conclusions

We employed THz time domain spectroscopy (THz-TDS) to probe the carrier

multiplication efficiency for excitation of InN with photon energies between

0.95 eV and 4.66 eV (1300 nm to 266 nm). The onset of carrier multiplication

was observed at approximately 2.7 Eg, and the slope of the photoinduced THz

conductivity per absorbed photon versus photon energy was 21 % / eV, yielding

a potential 1 % point increase in power conversion efficiency. While on paper

InN seems like an ideal candidate for CM assisted PV applications, its true CM
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efficiency appears significantly lower than that predicted for an absorber with

ideal CM properties. The PV efficiency increase caused by CM for InN and

other semiconducting materials were thus found to be rather modest.

3.A Appendix: Detailed balance calculations

Based on previous works by other groups [12, 40, 41] we calculate the solar

energy conversion efficiency of a single bandgap photovoltaic device including

the effect of CM.

Since the quantum yield (QY) is the number of electron-hole pairs generated

per incident photon, the photogenerated current density in the device is found

by integrating the QY times the solar flux Φsolar:

Jgen = e

∫ ∞

Eg

QY ·Φsolar dE (3.1)

Where Φsolar is the AM1.5G solar spectrum [4]. The effect of CM is included

via the QY which can then exceed 1. Figure 3.7 shows two limiting cases for

the quantum yield: the case where no CM occurs and the QY is zero for photon

energies below Eg and 1 for all energies above, and the case where the maximal

energetically allowed amount of CM occurs so that an additional electron-hole

pair is created for each time the excess photon energy exceeds Eg.

We assume that the only losses present in the device arise from intraband

carrier cooling and radiative recombination. Using the Planck radiation law,

the radiative recombination current density can be shown [40, 41] to have the

form:

J recomb = eg

∫ ∞

Eg

QY E2

exp [(E − eQY · V )/kBT ]− 1
dE (3.2)

Where g = 2π/c2h3, c is the velocity of light, h is the Planck constant, V is the

operating voltage of the cell, kB is the Boltzmann constant, and T = 300 K is

the temperature of the cell.

The output current density is then simply the difference between the gener-

ation and the recombination.

J = Jgen − J recomb (3.3)

From this the power conversion efficiency of a device at a given operating

condition (J, V ) can be found

η = J · V/P in (3.4)
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Figure 3.7. Quantum yield versus photon energy for two limiting cases of carrier

multiplication: one where no multiplication occurs (black), and one where the maximal

possible multiplication occurs (blue).

where P in = 1000 W/m2 is the integrated power of the AM1.5G solar spectrum.

As the power conversion efficiency depends on the operating voltage V both

directly through the expression (3.4), and through J recomb (3.2), the maximum

conversion efficiency can be found by numerically optimizing (3.4) with respect

to V . Figure 3.8 shows the maximum power conversion efficiency calculated for

a range of values of Eg in the absence of CM and for maximal CM. In the case

of no CM, the well known Shockley-Queisser limit [12] is recovered, predicting

a maximal conversion efficiency of 33.7 % at Eg = 1.34 eV [41]. In the case of

maximal CM, the highest power conversion is 44.4 % occurring at Eg = 0.7 eV.
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to the highest power conversion efficiency are marked in red.


