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The dwell time of electrons and holes above GalnN/GaN quantum wells is calculated using the k- p
quantum transmitting boundary method. A long dwell time is an indication for high probability of
carrier capture by the quantum well. Conversely, a reduced dwell time indicates that the carrier is
likely to be coherently transported across the well. It is shown that sheet charges at GaInN/GaN
heterointerfaces and a narrow quantum well lead to significant reductions in carrier dwell time. In
addition, carrier capture is discussed in terms of a classical model that is consistent with dwell time
calculations. © 2010 American Institute of Physics. [doi:10.1063/1.3373610]

The transport characteristics of electrons and holes in
GaN are known to be substantially different. High electron
concentrations are achievable with the n-type dopant Si due
to its relatively low ionization energy of about 20 meV,'
and electron mobility is fairly high, with values above
200 cm? V-! 57! being typical for n-type GaN.' By contrast,
high hole concentrations are generally not achievable due to
the large ionization energy of the p-type dopant Mg in GaN,
which has been estimated at 120 meV.> In addition, hole
mobility is typically on the order of 10 cm? V~!'s™! for
doped p-type GaN.? Further, sheet charges that arise from the
discontinuity in material polarization at heterointerfaces in
GaN-based light-emitters grown along the c-direction also
have a profound effect upon carrier transport. Previously, it
has been proposed that such transport-related characteristics
give rise to the rapid decrease in efficiency observed in GaN-
based light-emitting diodes (LEDs) once the current density
exceeds only a few amperes per square centimeter.* This
phenomenon, known as efficiency droop, is a severe problem
particularly for high-power LEDs intended for solid-state
lighting. In addition to transport-based explanations of the
efficiency droop, other causes have been suggested, includ-
ing delocalization of carriers from In-rich low-defect-density
sites™ and Auger recombination’™® occurring at high current
densities.

Motivated by these different explanations, several modi-
fied LED structures designed to reduce efficiency droop have
been realized as follows: LEDs with quantum barriers (QBs)
consisting of GalnN or AlGalnN were shown to reduce po-
larization charges at the quantum well (QW) interfaces, and
to deliver improved high-current efficiency with a reduced
droop in efﬁciency.lo’]1 LEDs with only a single, very wide
QW were also shown to have improved efficiency at high
currents;9 the increased QW width was intended to decrease
carrier density and reduce Auger recombination. While such
results are highly encouraging, they do not constitute defini-
tive evidence that one particular mechanism is indeed the
dominant mechanism causing droop; undoubtedly, either of
these modifications of the LED active region structure will
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affect both the carrier density in the active region in addition
to carrier transport.

The present letter aims to add to the understanding of
carrier transport in GaN-based visible light-emitters and its
effect upon efficiency. Specifically, we focus on carrier cap-
ture by QWs in the presence of polarization fields. We first
consider a classical analysis of carrier capture by a QW, and
then proceed to treat the quantum-mechanical carrier dwell
time above a QW and its dependence on polarization and
QW width.

From a classical point of view, electron capture occurs in
nonpolar QWs even for very small energy losses incurred by
the carrier while propagating above a QW. However, in polar
structures, as shown in Fig. 1, a minimum energy loss is
required due to the unequal height of the left-hand-side
and right-hand-side QBs. A basic analysis can be performed
by assuming that electrons launched from the barrier into
the QW travel at the saturation velocity (vg=~10" cms™!),
and lose energy through longitudinal optical (LO) phonon
emission (E;5=~92 meV, 7 5=~0.01-0.2 ps), which yields
an energy loss of 14-280 meV for a 3 nm wide QW. Simu-
lation results indicate that the conduction band edges of the
left and right QBs of blue-emitting Ga, gIny,N QWs may be
separated by several hundred millielectron volt; therefore,
incomplete capture of carriers by QWs is possible. We note
that as the In composition in the QW is increased, the electric
field in the QW increases, and the minimum energy loss for
capture will also increase. Therefore, capture is less likely
for QWs emitting at longer wavelengths.

Aii}l?l/ e "T_'—Ec
: QB aw QB

—» l—
Law
f .?% LO phonon Energy loss rate
AE i > =AE/ Ax
L: = Eio/ (Vat T0)
—— Ax—> - < AEqg / Law

FIG. 1. (Color online) Illustration of electron capture process in QWs.
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FIG. 2. (Color online) Calculated band diagrams of Ga,gln,,N/GaN QWs
grown in the c-direction. (a) 3 nm GalnN well with full theoretical polar-
ization; (b) 3 nm GalnN well with zero polarization; (c¢) 13 nm GalnN well
with full theoretical polarization.

Next, we extend the classical analysis by presenting a
theoretical study of the dwell time, 7, of electrons and holes
above a QW. A dwell time is associated with each allowed
wave function, and reflects the time that a carrier in a par-
ticular wave function resides above the QW, assuming coher-
ent transport and no phonon emission. Dwell time is distinct
from the capture time of carriers; given the capture time 7,
and the electron density n, the total transition rate of elec-
trons into a QW can directly be found by n/ 7. The dwell
time gives more general information about the shape of a
wave function in the vicinity of a QW. In a diode under
forward bias, the net current is due to diffusion of carriers.
As a carrier is transported by diffusion, it is repeatedly scat-
tered and transitions among states. The direction of travel
may be randomized with every scattering event, and there-
fore the actual time that a carrier spends within a region can
be large. However, this time will still be related to the dwell
times of the wave functions among which the carrier transi-
tions. The dwell time is given by,

1
e L m
inc Y/ qw

where ¢ is an incident wave function, J;,. is the incident
probability current density, the integral is over the width of
the QW, and the z-direction is the growth direction.” A
longer dwell time can be expected to yield higher probability
of scattering from an unbound incident state into a bound
state in the QW, i.e., capture of carriers by the QW. Possible
mechanisms for this capture of electrons include optical pho-
non emission as well as impurity and acoustic phonon
scattering.13

The structure used in our calculations consists of a
Gag3lng,N QW surrounded by n-type GaN with a dopant
concentration of 1 X 10'® ¢m™. Growth in the c-direction is
assumed. The band diagram under nonequilibrium conditions
is calculated by self-consistent solution of Poisson’s equation
including material polarization and the continuity equations
for electrons and holes.'*" Figure 2 shows the band dia-
grams for three example structures. Although the calculation
of the band diagram and carrier distribution is purely classi-
cal, it is expected that the electrostatic potential found by this
method reasonably approximates the actual potential in the
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FIG. 3. (Color online) (a) Calculated dwell times as a function of the in-
plane wave vector for electrons with different kinetic energies above a 3 nm
QW with full theoretical polarization. (b) Calculated dwell times for inci-
dent heavy hole, light hole, and crystal hole states with 0.1 eV kinetic
energy.

vicinity of GalnN/GaN QWs. Once the potential has been
found, wave functions are calculated using the k-p quantum
transmitting boundary method'® with an 8 X 8 Burt-Foreman
Hamiltonian. The quantum transmitting boundary method
has also been applied to find transmission coefficients
through interband polarization-charge tunnel junctions;m’17 a
detailed discussion of this method is given in Ref. 14.

Figure 3(a) shows the electron dwell time above the QW
for the structure in Fig. 2(a) at several different kinetic ener-
gies as a function of the in-plane wave vector. Dwell times
are independent of the wave vector direction due to the axial
symmetry in the dispersion relation for the conduction band.
At larger kinetic energies, the dwell time is approximately
constant over a range of wave vector magnitudes, and then
gradually decreases as the in-plane wave vector increases.
This can be understood in terms of the kinetic energy along
the growth direction; wave functions with greater kinetic en-
ergy in the growth direction are hindered less by the barrier
to injection seen in Fig. 2(a), which results in greater wave
function amplitude in the well and a longer dwell time. Fig-
ure 3(b) shows the dwell time for holes in the HH, LH, and
CH band above the QW for the structure in Fig. 2(a). The
kinetic energy in all cases is 0.1 eV. For each band, the
general behavior of dwell time as a function of in-plane wave
vector roughly matches that of electrons. However, at the
same kinetic energy, dwell times for holes are significantly
longer. Further, the dwell times for the HH and LH bands
feature sharp geaks, which are connected with strong mixing
of the bands.'? A series of peaks occurs in both the HH band
and LH band when the kinetic energy of the CH band is
entirely in the in-plane direction; an additional series is
found in the HH band when the kinetic energy of the LH
band is entirely in the in-plane direction.

Assuming that the occupation of incident electron and
hole states is described by separate, single quasi-Fermi lev-
els, all states with a particular energy will have equal occu-
pation probability. For a particular energy, then, an average
dwell time can be calculated by integrating the dwell time
over the allowed in-plane wave vector values. Figure 4(a)
plots the average dwell times for electrons over a QW for the
structure in Fig. 2(a), as well as the same structure with
material polarization reduced to 50% of its theoretical value,
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zero polarization [as shown in Fig. 2(b)], and with inverted
polarization. Elimination of the polarization results in in-
creased dwell time for all values of kinetic energy, but par-
ticularly at low energies. When the kinetic energy of the
incident electron is 0.1 eV, dwell time is increased by four
orders of magnitude, compared to less than one order of
magnitude at energies above approximately 0.5 eV. Partial
elimination of the polarization mismatch still has a signifi-
cant effect; at low energies, the dwell time for electrons in
partially polarization-matched structures increases by ap-
proxiamtely a factor of 10.

Complete inversion of polarization results in the longest
dwell times at all energies. The structure with inverted po-
larization is identical to that of Fig. 2(a) when flipped about
the vertical axis. In this case, rather than increasing the bar-
rier to injection, the sheet charges at heterointerfaces act to
lower the barrier for injection and create a barrier for trans-
mission through the well. The increase in dwell time is par-
ticularly pronounced for electrons with low kinetic energy, as
these are affected most by the change in the potential. Figure
4(b) plots the average dwell times for holes over a QW for
the same cases shown in Fig. 4(a). Overall, when compared
to the electron dwell time, the hole dwell time is larger, and
does not depend as strongly upon the carrier kinetic energy.
As for electrons, eliminating or inverting polarization results
in increased dwell time for holes at all energies. However,
unlike for electrons, the structure with 50% of theoretical
polarization has nearly the same dwell times at all kinetic
energies. This finding motivates the pursuit of growth of
polarization-inverted structures which can be attained for
N-face growth or p-side down structures on c-plane sapphire.

Next, the effect of quantum-well width upon dwell time
is considered. Figure 4(c) plots the electron dwell times over
a QW as a function of kinetic energy for well widths ranging
from 3 to 18 nm. Figure 4(d) plots the hole dwell times for
the same cases. Inspection of the figure shows that the dwell
time is increased for both electrons and holes as the QW
width increases. Due to the injection barriers induced by the
polarization charges, dwell times for low kinetic energies
remain short compared to the zero-polarization and inverted-
polarization cases in Figs. 4(a) and 4(b). Nevertheless, in-
creasing well width results in strongly increased dwell times,
by up to two orders of magnitude. This suggests that a major
benefit of wider wells is found in more efficient capture of
carriers by the QW.

Kinetic energy (eV)

In summary, carrier capture in GalnN QWs is analyzed
using a classical model, which indicates a reduced carrier
capture probability for polar QWs. In addition, the quantum-
mechanical dwell time of electrons and holes above QWs is
investigated using the quantum transmitting boundary
method and the 8 X 8 Burt-Foreman Hamiltonian for wurtz-
ite III-nitride semiconductors. The results indicate that both
reduction in heterointerface polarization charges and increas-
ing of QW width increase electron and hole dwell time over
QWs, and thereby increase the probability of capture of car-
riers by the QWs.

This material is based upon work supported by the Na-
tional Science Foundation under Grant No. DMR-0642573,
by NYSTAR under Contract No. C070119, and by Sandia’s
Solid-State Lighting Science Center, an Energy Frontier Re-
search Center funded by the U. S. Department of Energy,
Office of Science and Office of Basic Energy Sciences.

'W. Gétz, N. M. Johnson, C. Chen, H. Liu, C. Kuo, and W. Imler, Appl.
Phys. Lett. 68, 3144 (1996).

2y, Bougrov, M. E. Levinshtein, S. L. Rumyantsev, and A. Zubrilov, in
Properties of Advanced Semiconductor Materials: GaN, AIN, InN, BN,
SiC, SiGe, edited by M. E. Levinshtein, S. L. Rumyantsev, and M. S. Shur
(Wiley, New York, 2001), pp. 1-30.

u. Kaufmann, P. Schlotter, H. Obloh, K. Kéhler, and M. Maier, Phys. Rev.
B 62, 10867 (2000).

“M.-H. Kim, M. F. Schubert, Q. Dai, J. K. Kim, E. F. Schubert, J. Piprek,
and Y. Park, Appl. Phys. Lett. 91, 183507 (2007).

%Y. Yang, X. A. Cao, and C. Yan, IEEE Trans. Electron Devices 55, 1771
(2008).

5B. Monemar and B. E. Sernelius, Appl. Phys. Lett. 91, 181103 (2007).

y.C. Shen, G. O. Miiller, S. Watanabe, N. F. Gardner, A. Munkholm, and

M. R. Krames, Appl. Phys. Lett. 91, 141101 (2007).

8K T. Delaney, P. Rinke, and C. G. Van de Walle, Appl. Phys. Lett. 94,
191109 (2009).

°N.F. Gardner, G. O. Miiller, Y. C. Shen, G. Chen, S. Watanabe, W. Gotz,

and M. R. Krames, Appl. Phys. Lett. 91, 243506 (2007).

M. E. Schubert, J. Xu, J. K. Kim, E. FE. Schubert, M. H. Kim, S. Yoon, S.

M. Lee, C. Sone, T. Sakong, and Y. Park, Appl. Phys. Lett. 93, 041102

(2008).

3. Xu, M. F. Schubert, A. N. Noemaun, D. Zhu, J. K. Kim, E. F. Schubert,
M. H. Kim, H. J. Chung, S. Yoon, C. Sone, and Y. Park, Appl. Phys. Lett.
94, 011113 (2009).

'2S. Ekbote, M. Cahay, and K. Ronker, J. Appl. Phys. 85, 924 (1999).

Bp. Bradt, Y. M. Sirenko, and V. Mitin, Semicond. Sci. Technol. 10, 260
(1995).

M. F. Schubert, Phys. Rev. B 81, 035303 (2010).

M. E. Schubert, Q. Dai, J. Xu, J. K. Kim, and E. F. Schubert, Appl. Phys.
Lett. 95, 191105 (2009).

%Y. X. Liu, D. Z.-Y. Ting, and T. C. McGill, Phys. Rev. B 54, 5675 (1996).

M. F. Schubert, Appl. Phys. Lett. 96, 031102 (2010).

10

Downloaded 05 Apr 2010 to 128.113.122.80. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp


http://dx.doi.org/10.1063/1.115805
http://dx.doi.org/10.1063/1.115805
http://dx.doi.org/10.1103/PhysRevB.62.10867
http://dx.doi.org/10.1103/PhysRevB.62.10867
http://dx.doi.org/10.1063/1.2800290
http://dx.doi.org/10.1109/TED.2008.923561
http://dx.doi.org/10.1063/1.2801704
http://dx.doi.org/10.1063/1.2785135
http://dx.doi.org/10.1063/1.3133359
http://dx.doi.org/10.1063/1.2807272
http://dx.doi.org/10.1063/1.2963029
http://dx.doi.org/10.1063/1.3058687
http://dx.doi.org/10.1063/1.369212
http://dx.doi.org/10.1088/0268-1242/10/3/005
http://dx.doi.org/10.1103/PhysRevB.81.035303
http://dx.doi.org/10.1063/1.3258488
http://dx.doi.org/10.1063/1.3258488
http://dx.doi.org/10.1103/PhysRevB.54.5675
http://dx.doi.org/10.1063/1.3280866

