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ABSTRACT

We investigate a theoretical model for effective carrier mobility to comprehensively describe the behavior
of the perpendicular carrier transport across multiple quantum well (MQW) structures under applied electric
field. The analytical expressions of effective mobilities for thermionic emission, direct tunneling, and
thermally-assisted tunneling are derived based on the quasi-thermal equilibrium approximation and the
semi-classical approach. Effective electron and hole mobilities in InGaAs/GaAsP MQWs predicted from our
model are in good agreement with the experimental results obtained from the carrier time-of-flight
measurement near room temperature. With this concept, the complicated carrier dynamics inside MQWs can be
simplified to an effective mobility, an equivalent parameter which is more straightforward to handle and can be

easily incorporated in the conventional drift-diffusion model.



L INTRODUCTION

Due to the unique optical and electrical properties of low-dimensional materials, multiple quantum well
(multiple QW, MQW) structures have found numerous applications in optoelectronics. The employment of
MQWs is, however, usually accompanied by the poor perpendicular carrier transport, which limits the
bandwidth in high-speed devices [1,2], the carrier injection efficiency in light-emitting devices [3,4], and the
photocarrier collection efficiency in photovoltaic devices [5,6]. For decades, a great deal of theoretical and
experimental studies have been carried out to gain our understanding on the carrier dynamics in such structures,
including carrier scattering, capture, thermalization, and escape processes [7-13]. In practice, the actual carrier
dynamics is the result of simultaneous combination of all the processes. The complexity of the resultant
dynamics limits its investigation to the numerical self-consistent calculation on a large equation set of related
processes [14-17]. Moreover, unless the special treatment is implemented, the incorporation of these processes
is incompatible with the conventional drift-diffusion model, which is widely used as a tool for the device output
estimation and the design optimization. The need for specific simulators and the lack of simple models cause a
large gap between the fundamental study and the device application.

To avoid handling the periodic potential profile in the drift-diffusion analysis, some research works have
simplified the complicated carrier transport in nanostructures inside the devices with some carrier mobilities. It
is often assumed similar mobilities to the bulk materials [18-20], despite the fact that there are reports
observing much lower mobility values [21-23]. This is due to insufficient theoretical models that can
conveniently estimate the mobility of perpendicular carrier transport from the structure/material parameters.

The theoretical investigation on mobility so far has been mainly focused on the transport in strongly
coupled MQWs, or so-called superlattices, where carrier transport is dominated by the Bloch transport through
the miniband. The Esaki-Tsu mobility [24], which is derived from the kinetics in the momentum space of the
miniband, is a well-known expression for the Bloch transport, and there are several attempts to modify the
expression for the mobility [25,26]. On the other hand, less studies have been investigating the mobility in
MQWs which have weak or no coupling. In this case, dynamics is dominated by the sequential (hopping)

transport: carriers move from QW to QW. Furthermore, even in strongly coupled superlattices, the transition of



the dominant transport from the Bloch to the sequential type is expected if the scattering rate is high enough to
break the coherency of the carrier wavefunction [27,28], for instance, at high temperature. D. Calecki et al. [29]
have proposed the hopping mobility for the photon-limited process, but only the numerical calculation is
available due to the complicated interaction between carriers and phonons. There are several other literatures
investigating the perpendicular sequential transport across MQWs [11,30,31], but only little attention has been
paid to the transport at the mobility (linear transport) regime.

In this study, we investigate the carrier effective mobility in periodic MQW structures close to room
temperature. In Section II, we derive the formulae for the effective mobility corresponding to the sequential
transport through the thermionic emission, sequential direct tunneling, and thermally-assisted tunneling
processes. Our aim is to formulate explicit expressions to minimize the additional numerical calculations such
as the scattering by various types of phonons, and make them reachable to a wide range of applicable areas;
therefore we have employed some appropriate approximations including the quasi-thermal equilibrium and the
semi-classical approach, instead of the rigorous treatment of quantum mechanics. We also consider the
modification of the Schneider-Klitzing thermionic emission model [11], which assumes wide QWs with
negligible quantum-confinement effect, as pointed out in [32], and neglects the perturbation of the distribution
function by the electric field. In Section III, the effective mobility estimated by our model is compared with the
experimental results measured from the time-of-flight technique. We discuss about the possibility to simplify
MQWs as quasi-bulks with the effective mobility in the drift-diffusion analysis in Section IV and summarize

our findings in Section IV.

II. MODEL
A. Sequential transport
We consider a periodic MQW structure with the well thickness w, the barrier thickness b, and the period L
= w + b. At high temperature, e.g. room temperature, the scattering rate (< 1 ps) [7,8,14] is high enough that
carriers are rapidly captured and thermalized as they cross any QW. This implies that the one-step process

model can well describe the carrier dynamics in the MQW system. That is, carriers in the jth QW can escape to



the adjacent QWs following the rate equation

A e S B B L 1
dt 7 T T 7

esct esct €sc- €sc-

where #; is the carrier density in the jth QW, 1/7, is the carrier recombination rate, /7, and 1/z, are the
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carrier escape rates when moving forward and backward, respectively. By using the Fokker-Planck
approximation n;,, =n; *an, [ +0%n ; / 9i*and z=jL, we obtain a solution n;(t) with the center moving at the

velocity [11,33]
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which corresponds to the average carrier velocity in the MQW. In a symmetric structure, the escape process is

symmetric ( T, = 7o ) and hence there is no net velocity. The transport symmetry begins to collapse when

the electric field F is applied. If we assume the electric field strength is in the linear regime, we can write the
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expression for the carrier escape rate across one side of barriers. The second term corresponds to the
asymmetric field perturbation (e.g. the shift of barrier bandedge position) and the third term to the symmetric

perturbation (field direction-independent perturbation, e.g. the energy level shift due to the quantum-confined

Stark effect). In this way, the low-field average velocity can be expressed by
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By using the analogy of the carrier mobility, it is reasonable to define a parameter g by
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We call this the effective mobility since most of carriers in the MQW are not free carriers but still,

macroscopically, behave similarly to the drift transport. It should be noted that the symmetric term



(0(V/7) /aF)Sym and the higher expansion terms in the escape rate will result in the field-dependent effective

mobility, but this effect will be small in the low-field regime [33]. We can formulate the effective mobility for
any escape process using Eq. (4) if the dependency of the escape rate on the electric field is known. We
consider that carriers can escape out of a QW through three processes: the escape of carriers with energy higher
than the energy barrier, the tunneling process for carriers in the ground state, and the tunneling process for
carriers distributed in the higher quantum-confinement states. These processes are also known as the thermionic

emission (the thermal escape), the direct tunneling, and the thermally-assisted tunneling, respectively.

B. Thermionic emission process

We firstly investigate the thermal escape rate through one side of the energy barrier within the effective
mass approximation. In the following, we refer to the conduction band when considering electrons and the
valence band for holes. Fig. 1(a) shows the bandedge diagram of the QW with the unperturbed bandedge
energy £y and the barriers with the band-offset ¢V}. If the carrier thermalization is sufficiently fast, carriers in
the same QW and band are always in the thermal equilibrium and it is possible to define the quasi-Fermi level
Ep in each QW. Then, the distribution function f;p of carriers in the continuum levels in the absence of electric
field is

_WK2my +Ey-E,

féD = 47[3 e kT > (5)

where n=h/27 is the reduced Planck constant, k is the Boltzmann constant, T is the temperature, and m;D is

the effective mass of carriers in the continuum levels. Under electric field F applied in the z direction, similarly

to the perturbation treatment in the Boltzmann transport equation [34], the distribution function is perturbed by
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where ¢ is the elementary charge and 7, is the carrier scattering time.

The carrier total energy of E, + ¢V} +4(b¥F L)gF is required to escape thermally to the next QW in the



forward and backward direction, respectively. In other words, those carriers must have the z component of the
wavevector k more than ky, =+/2mpqVy, /A%, where V, =V, + L(bF L)F . Then, the current density Jy,

flowing out of one side of the QW due to the thermal velocity is given by
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The upper sign is for the escape toward the forward direction and the lower sign for the backward direction.
(We use this plus-minus notation in the derivation thereafter.)
The total carrier density n in the QW layer for the non-degenerate condition can be obtained by summing

the carrier densities in the confined states n,p; and the continuum states 73p
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where & (< ¢V,) is the ith confinement energy relative to E,, m(‘: is the in-plane effective mass, and

ko E,/2m;Dqu/h2 . For gV,, €, —& >2k,T, which satisfy in most short-period MQW systems, it is a

good approximation to take
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Under the situation (9a), Jy,, in Eq. (7) becomes
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Here, J‘w§2e_§zd§ z%xe_)‘2 for x >>1 (see Appendix A), is used. 5y, =q(7,)/my, is the so-called drift

mobility, limited by the scattering process of the free carriers. Then, the thermal escape rate through one side of

the barrier can be written by
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For thin QWs with strong quantum-confinement effect, the derived thermal escape rate should be used instead

of the widely-used model 1/7,,, =+/k,T/27m;pw? exp[—qV. /kzT], in which the three-dimensional density

of states is assumed for all states.

From Eq. (4), we finally obtain the expression for the effective thermal mobility

N

* 5 th
I* 8mypV, | ~
Hip :m3P_ 1+ t3p mmz bre bl (12)

where qu =qV, — & is the effective barrier height seen by the carriers at the ground state [Fig. 1(b)]. The
first term in Eq. (12) corresponds to the so-called thermionic emission from the ground state and the second
term corresponds to the field-induced drift transport in the continuum levels. Note that without the
approximation (9), our expression for the thermal mobility is reduced to g, — y;, when ¥, — 0 and

b — 0, as expected for the carrier transport in the smooth bandedge (see Appendix B).

C. Direct tunneling process
Here, we assume that the tunneling transport is dominated by the sequential (incoherent) tunneling [28] and
analyze using the semi-classical approach [35,36]. In this way, the tunneling rate from the ith state is estimated

from the classical oscillation frequency f; inside the QW and the WKB tunneling probability 7T;:

on
(Ejm’i = fiTinyp; - (13)



By using the barrier effective mass mZ , the perpendicular effective mass mj_l in the ground state of the QW,

and the perpendicular velocity 4/2¢g / mi , the carrier escape rate by the tunneling process from the ground

state (direct tunneling) can be written by
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Therefore, Egs. (4) and (14) give the effective tunneling mobility
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D. Thermally-assisted tunneling process

We consider the tunneling event from the higher confinement states (i > 2). From Egs. (8) and (9b), the

density of carriers in the ith confinement state is given by n,p; = n(mH, / my, )exp[ &—&)/kgT J Using Eq.

(13) and the ith-state perpendicular effective mass mL, the escape rate by the tunneling from the ith state, or

thermally-assisted tunneling, can be written as
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Using Eq. (4), we obtain the effective thermally-assisted tunneling mobility
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where Ag; = ¢, — ¢ is the activation energy to the ith state and I;'bJ = I7b —Ag; is the effective barrier seen

from the carriers in the ith state [Fig. 1(b)].



E. Total effective mobility

Since all the processes above occur in parallel [Fig. 1(b)], the total escape rate can be given by the sum of

all the ratesl/z, =1/7y +1/7, + Zp 5 /Tihun, - Then, it is obvious from Eq. (4) that the total effective
mobility is

Hegr = Hin + iy ZiZZ /uthtun,i . (18)
In the limit of 7, — 0, there is no confinement states, thus no tunneling event, and the total effective mobility
isreduced to gy — 43 similarly to what we have shown for the effective thermal mobility.

We can obtain the effective mobility of electrons :“I(\Zéw , heavy holes ,u&é)w , and light holes ,u](\fllgw by

considering the effective masses, bandedges, and energy levels for the corresponding carriers. However, heavy
and light holes are not completely independent: they are in the thermal equilibrium sharing the same
quasi-Fermi level. From the definition of the hole escape rate, we obtain
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where « is the density ratio of the light holes to the heavy holes. By using Eq. (9b), «is given by
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where AE,,_,, is the activation energy for the transition from the heavy-hole ground state to the light-hole

ground state. Therefore, we can express the effective hole mobility as
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This implies that the hole effective mobility is determined from the population-weighted average between the

() — 1, (hh)

heavy and light hole effective mobilities. It is convenient to define the quantities g} g Mege and

yl()'_’élflp =L ,Ue%) as the partial effective mobilities for heavy and light holes, respectively, to quantify the

impact from each type of carriers.
Our model provides the formula for the effective mobility which is an explicit function of the material

parameters, energy levels, and layer thicknesses of the MQW. Strictly speaking, the various types of effective

masses (m;D,m‘Ti,mL,m; ) and the carrier scattering time (<‘L’Sct >, thus the drift mobility g, ) are perturbed by

the modulated energy profile and are no longer the same as the bulk parameters [8,9,37,38]. In non-ideal MQW
structures, the interface roughness between the well and barrier layers can also be an additional scattering path
which decreases <Tsct> [39]. The perturbed parameters should be used in estimating the effective mobility to

obtain the precise value. Nevertheless, it is a fair approach to approximate some or all of them with the bulk

parameters when the precise values are not available: that is, mZ =the bulk effective mass in the barrier

. * * * * * . . .
material, myp, my, my; =myy and s = pg., where myg, is the bulk effective mass and ., is the

bulk mobility in the well material. In this way, the effective mobility can be easily estimated once the MQW

structure is determined.

I11. EXPERIMENT AND CALCULATION

In this section, the derived effective mobility is discussed and compared with the experimental results.
Effective mobilities in MQWs were measured using the optical carrier time-of-flight technique [23]. GaAs
p-i-n and n-i-p samples were prepared by metal-organic vapor phase epitaxy under the growth temperature of
610 °C and the pressure of 100 mbar. The sample structure consisted of 200-nm, 600-nm, and 200-nm thick
p-region (2><1O'8 cm'3), i-region, and n-region (1><1017 cm'3), respectively, with four periods of Ing,;Gag79As
(5.0 nm)/GaAs 5sPg.42 (2.0, 5.0, or 8.0 nm) MQW (emission wavelength A.,, = 960 nm) inserted in the i-region
[Fig. 2(a)]. A 9.5-nm thick Ing,5Gag 75As single QW (Aer, = 1060 nm) was inserted underneath each MQW as a

probe. The i-GaAs spacers above the MQW and below the probe were designed to be 100 nm thick. The



compound compositions and thicknesses of the MQWs and probe QWs were determined by X-ray diffraction.
The i-region was slightly n-doped to compensate the p-type background doping incorporated during the growth,
confirmed by the Hall measurement to have the net carrier concentration of p-type (5ﬂz2)><1014 cm™.

The samples were photoexcited by a 405-nm-wavelength pulse laser (repetition rate = 20 MHz, pulse width
=~ 50 ps, pulse energy = 50 pJ) and their time-resolved photoluminescence (TRPL) was detected by a time
correlation single-photon counting system (transit time spread =~ 500 ps). This excitation wavelength has a
penetration depth in GaAs less than 20 nm and thus generates carriers only near the sample surface, allowing
only electrons to be driven toward the MQW in p-i-n structures and only holes in n-i-p structures. This enables
us to extract the transport properties of electrons and holes separately [40]. By measuring the
photoluminescence response time of the probe QW, the transport time and the carrier average velocity (the
transport time divided by the total MQW thickness) inside the MQW can be obtained. The transport time was
calibrated with the reference probe sample where only the MQW was removed (MQW transport time = 0). The
electric field across the i-region was controlled by applying the bias voltage in a range of 0.6 to 0.8 V, as the
lower bias will result in too weak photoluminescence and the higher bias will cause too strong background
electroluminescence from the probe. The electric field value, to a first approximation, was estimated by the
simulation on a p-i-n bulk GaAs having the same configuration. The sample temperature was adjusted by a
Peltier temperature controller. More details on the measurement technique have been described in Ref. [23].

Figs. 2(b)-(e) show the average electron and hole velocities at 298 K measured on the p-i-n and n-i-p
samples, respectively. We can say that, within a range of electric field in this work (< 12 kV/cm), the average
velocity is almost proportional to the electric field, confirming that our experiment condition was in the linear
regime for carrier transport. This verifies what we have found from our model in Section III that the
velocity-field relation of the sequential transport in MQWs is linear and the v/F ratio converges to a finite
value at low field, which is defined as the effective mobility.

The extracted effective mobilities are shown in Fig. 3, together with the calculation results from the model
(See Appendix C for the parameters used in the calculation). As can be seen, the calculation results can well

predict that the effective mobilities of the MQWs in this study should have values of the order of 0.1-10 cm*/Vs,



confirming that our model provides a good approach for the estimation of MQW effective mobilities. There are
still some discrepancies between the calculated and the measured values, which are thought to be due to the
approximation using the bulk parameters. By breaking down the effective mobilities into the (partial) effective
thermal, tunneling, and thermally-assisted tunneling mobilities, the contribution from each carrier escape
process can be quantitatively investigated. It is clear that the one-order enhancement of the effective mobilities
for both electrons and holes when reducing the GaAsP barrier thickness to 2 nm is due to the direct tunneling
process. For MQWs with barriers thicker than 6 nm, the dominant transport is switched from the tunneling to
the thermionic emission. The thermal mobility has a small increase as the barriers become thicker since there
are less QWs, which act as traps for carriers, per unit length. This is the same reason why the partial effective
tunneling mobility of light holes stops increasing when the barrier thickness becomes less than 2 nm. The
contribution from the thermally-assisted tunneling process is found to be comparatively small in this structure.
It is important to note that light holes play an important role in the hole transport even when they have

small population. For the MQWs in this study, the effective hole mobility is dominated by the transport of light
holes, whose density ratio ¢ is estimated to be as low as 0.011. The smaller effective mass in barriers m; and

lower effective barrier height 17,, (due to the stronger confinement effect) for light holes result in the
exponential enhancement of the effective mobility, overwhelming the effect of their small population.

Fig. 4 shows the measured and calculated effective mobilities for higher temperature. In the calculation, we
took into account the temperature dependency of the bandedges and the bulk mobilities (5 o< T 2340 II-V

materials close to room temperature [41]), but kept the other parameters fixed for simplicity. Even though there
is a slight overestimate for the hole effective mobility (possibly due to the neglected temperature dependency of
some parameters), our model can adequately predict the increase of effective mobility with temperature. With
increasing temperature from 298 K to 358 K, the effective thermal mobility of electrons increases significantly
whereas the effective tunnel mobility is mostly constant, as can be expected, resulting in the increasing total
electron effective mobility by a factor of 2. In contrast, for light holes, the partial effective mobility for the
tunneling transport increases with increasing temperature owing to the Boltzmann population factor o of light

holes.



As demonstrated, the availability of the effective mobility model makes it possible to get insight into the
behavior of the carrier transport across the MQW in the quantitative manner, particularly for investigating the
contribution of each escape process and the impact of each parameter. It can be utilized as a tool for designing
the MQW structure to improve the carrier transport and to achieve the target mobility required in each device

application.

Iv. EFFECTIVE-MOBILITY APPROXIMATION

The formulae derived in this study allows us to quantify the complicated carrier transport in MQWs with an
effective mobility g Since g has the same dimension as the conventional drift mobility, new approaches to
handling MQWs become possible. For instance, in the photodetector/photovoltaic applications, there are
sometimes arguments whether bulks with poor carrier transport (e.g. due to the crystal growth issue of thick
bulks) or MQWs with high material quality but having potential barriers, are more appropriate for light
absorbers with efficient charge extraction [42-45]. In such situations, the concept of effective mobility enables a
fair comparison between the carrier transport in MQWSs and bulks.

By considering its definition (v = ghiowF), it is plausible to say that the similar analogy to the
well-established concept of drift mobility can be applied, including the diffusion length /tyqw7,AsT /g and

the conductivity gnuyqy - In other words, approximating the MQW structure as an equivalent quasi-bulk
having effective mobilities, instead of their modulated potential profile, is sufficient to represent the carrier
transport behavior in the MQW. The quasi-bulk approach makes the incorporation of MQWs compatible with
the conventional drift-diffusion analysis, for example, in the simulation of the p-n junction devices without
involving with the additional trap-and-escape mechanism. Note that the effective mobility can only simplify the
transport property of the MQW. In order to appropriately simplify the MQW with the quasi-bulk, the additional
treatment for other properties such as the density of states have to be considered, which is discussed in
Appendix D.

We should keep in mind that the effective-mobility approximation (quasi-bulk approximation) is one

approach to deal with the carrier transport complication in MQW structures when the assumptions made above



are satisfied. There are some conditions in which this approach may be over-simplified and need further
modification as follows.
(1) Atlow temperature, the carrier thermalization becomes so slow that defining a single quasi-Fermi level
Ep in each band can be improper. Furthermore, the dominant transport may be shifted from the
sequential to the Bloch transport, which is not taken into account in this study.
(2) At high carrier density, at which carriers are degenerate, the complete expression for the Fermi-Dirac
distribution is required in considering the carrier transport.
(3) At high field, the carrier transport becomes non-linear, which may be handled by introducing the
field-dependent mobility.
(4) The phonon-limited process, such as phonon-assisted tunneling, may become dominant at low
temperature or in some material systems.
Despite some exceptions, the effective-mobility approximation is believed to be a powerful tool when available
since most established transport theories in bulks can be directly applied, similarly to how the effective-mass

approximation works in successfully describing the carrier transport in bulk crystals near the bandedge.

V. CONCLUSION

In this study, we investigated the effective carrier mobility for the perpendicular sequential transport in
MQWs. The carrier transport is expected, and experimentally confirmed, to be in the linear regime at low field,
where the effective mobility can be defined. We derived the expressions of the effective mobilities for the
thermionic escape, direct tunneling, thermally-assisted tunneling, and the total effective mobility, which are
simple functions of the structure and material parameters. The modeled mobilities were in good agreement with
the experimental results, predicting the effective mobilities in Ing»;Gag 70As/GaAs) ssPo42 MQWSs to be in the
range of 0.1 - 10 cm?/Vs depending on the barrier thickness and the sample temperature. The contribution of
light holes was found to be necessary in explaining the hole conduction in spite of their several orders of
magnitude smaller population than heavy holes. We suggest that the complicated carrier transport in MQWs at

low field, at least to the order of 10* V/cm, can be simplified with virtually free carriers in quasi-bulks with



effective mobilities, which can be described with the well-established drift-diffusion transport theory.
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APPENDIX A: ASYMPTOTIC EXPRESSION FOR INTEGRATION

Using the asymptotic expansion, we obtain the relation [46]

Toe, 1 o3 J(2j-1)n
e dé=—-e Z(—l) —. Al
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Then, the integration by parts
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gives the asymptotic expression
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for x >> 1.

APPENDIX B: NO-BARRIER LIMIT

We follow the derivation of the effective thermal mobility in Section IIB, but consider in the limit ¥, — 0 and

b — 0. In this limit, the thermal current in Eq. (7) and the carrier density in Eq. (8) become
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respectively. Then, the escape rate 1/7y, =Jy,./qwn is given by
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Therefore, using Eq. (4) and L=w+b — w, we can express the effective thermal mobility as

q TSC
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APPENDIX C: PARAMETERS FOR EFFECTIVE MOBIILTY CALCULATION
The effective masses, drift mobilities, and band offsets used in the calculation of effective mobilities in
Section III are summarized in Table I. We approximated the continuum-state effective masses m;D, the

perpendicular effective masses mL , and the barrier effective masses mZ with the bulk effective masses using

Vegard’s law. The in-plane effective masses m‘Tl for Ing,Gag gAs reported in Ref. [47-49] and mITi = mITl were

used. The continuum-state drift mobilities tsp was similarly approximated with the bulk mobilities, with an

(Ih) (hh)

additional assumption f4), = i,  due to the unavailability of the light-hole mobility. The confined energy

levels & were obtained from the envelope-function approximation using the bulk effective masses. The band

offset V}, included the effect of strain through the deformation potential. The activation energy for the

ground-state light holes AE,, ,, was (81(”') —é‘l(hh) )+(E,(,hh) —E,(/lh)) =112 meV (Ey is the valence bandedge

energy).



APPENDIX D: EQUIVALENT MATERIAL PARAMETERS FOR QUASI-BULK
In order to simplify the MQW (N periods of a QW with thickness w and a barrier with thickness b) as the
quasi-bulk (homogenous material with total thickness N (w+5)= NL ) and incorporate it in the drift-diffusion
analysis, we need equivalent parameters other than mobilities in order to simulate such equivalent quasi-bulk.
We use primes to denote the equivalent parameters in the quasi-bulk. It is obvious that the equivalent

bandedges (lowest allowed energies) are

E{. =E.+&",

(Dla)

EJM = g _ g (D1b)
E™ = g _ g (Dlc)
E) = max [ E i ] (D1d)

where E, E,(/hh), and E,(,”’) are the actual conduction, heavy-hole valence, and light-hole valence bandedges,

respectively. (Note that they are denoted as £y in the main text.) Then, the equivalent bandgap is written by
E; =E.-E} . (D2)

Since the total number of carriers should remain the same, the equivalent carrier density in the quasi-bulk is

* E,+&-E,
W mkgT R
n=———¢€

kyT (D3)

’
n=—

L Lan?
for electrons, heavy holes, and light holes, where n in Eq. (9b) is used. Similarly to the effective density of

states in bulks, the equivalent effective density of states, N( ) = n'exp[(Eé —Ep)/ksT J , can be expressed by

(D4)

’

Then, the equivalent intrinsic carrier concentration n, , obtained by solving n"© =n"™ +n'™ and

n? =n"® (n'(hh) + n'(”’)) , 18

1

ey ., el /g
nlf:\/NéN;(hh)e B T + NN e [kl (D3)



Here, E;,(e_hh) =E.—E" and Eé(e‘”’) =E/ —E™ is the equivalent electron-heavy hole and electron-light

hole bandgaps, respectively. For degenerate hole bands, Eq. (D5) is reduced to n; =,/N.N;, exp [—E;, / 2kBT]

(N; = N 4 N7UM'), the similar expression to the intrinsic carrier concentration in bulks.
Since the quasi-bulk must have the same total absorption as the actual MQW under the same illumination,

the equivalent absorption coefficient has to be given by

o = o,w+oyb

I (D6)

where ¢, and ¢, are the absorption coefficients in the well and barrier layers, respectively. (More complicated
expression for o’ is required when the multiple reflections inside the MQW is not negligible.) Then, the

equivalent parameter for the net radiative recombination coefficient B, can be obtained from [50-52]

Bl;et :(1_Pabs)B,

87 (1= Pus) T 17 (E)o/(E)E?
- cthn;Z él. SEIT dE , (D7)

g

where c¢ is the speed of light, n, is the diffractive index, and Py, is the photon-reabsorption probability in the

photon recycling process. Note that the coefficient B, in the actual QW is obtained by substituting n’ with the

actual intrinsic carrier concentration n; and & with ¢, in Eq. (D7). Since ¢, with the high

absorption-threshold energy has negligibly small effect on the integration in Eq. (D7), we find the relation

, L
Bnct = _Bnct . (DS)
w

C’'= (—jz c (D9)

in the quasi-bulk. If the spatial variation of carrier density is sufficiently gradual, it is straightforward to show

that



NL
[Raz= [ Ra, (D10)
0 QW layers

where R represents either the Shockley-Read-Hall, radiative, or Auger recombination. That is, the total carriers,

total absorption, and total recombination are invariant in the conversion from the MQW to the quasi-bulk.

(b)

—ry
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by +(Sweb)er

Thun

Ey
FIG. 1. Schematic bandedge diagrams of a QW and notations: (a) Structure and band parameters, (b)
Effective barrier heights and escape processes. Similar notations are used for the conduction, heavy-hole

valence, and light-hole valence bands.
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FIG. 2. (a) Schematic of the carrier time-of-flight measurement. Average velocity at 298 K for electrons in
the (a) 2-nm, (b) 5-nm, and 8-nm-barrier Ing,;Gag79As/GaAsy ssPg42 MQWSs and (c)-(d) for holes in the similar
condition. The error bars for the field and the velocity correspond to the uncertainty of the background carrier

concentration and the distribution of the probe response time, respectively.



Electrons

— R EERER LA S] SoEAl RLLET RELEE hild La
m ]
"2 10 E ® Experiment 4
g i '—'yMwarum model
g 1E
a
<]
E
o
2 01
8
= .
w 1

1 2 3 4 5 6 7 8 9

Barrier thickness [nm]
Holes

- IREARE T Ty T T FTrITT)
2 1w} (b) O Experiment .
£ —_ 3
5 - J(.',\.‘m,‘lrfrr.:m model ]
£ 1) 298K ]
5 E E
©
£
o
2 041
8
= -
w -

Barrier thickness [nm]

FIG. 3. (a) Electron and (b) hole effective mobilities obtained from the measurement (circles) and the model
(lines) at 298 K for different barrier thicknesses. The thick solid lines show the total effective mobilities and the
other lines show the contribution of the corresponding processes: the electron effective mobilities, heavy-hole
partial effective mobilities, and light-hole partial effective mobilities for the thermionic emission

O, u®M @My | tunneling (44, 2, 5@ | and thermally-assisted tunneling processes (), , 42y .

Light holes have only the ground state and thus no thermally-assisted tunneling.
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Table I

Material parameters used for the effective mobility calculation at 298 K

Parameters Electrons Heavy holes  Light holes
My My, 0.058m, 0.48m 0.070m,
my; 0.069m, 0.18mp 0.16m
m;, 0.11m, 0.65m 0.11my
s [cm*/Vs] 2000 100 100
qV, [eV] 0.348 0.288 0.121
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