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Energy and momentum relaxation dynamics of hot holes in modulation

doped GalnNAs/GaAs quantum wells
Y. Sun? and N. Balkan

School of Computer Science and Electronic Engineering, University of Essex, Wivenhoe Park,

Colchester CO4 3SQ, United Kingdom

(Received 5 May 2009; accepted 18 August 2009; published online 2 October 2009)

We present the studies of energy and momentum relaxation dynamics of nonequilibrium holes in
Ga,In;_,N,As;_,/GaAs quantum well modulation doped with Be. Experimental results show that
the real-space transfer (RST) of hot holes occurs via thermionic emission from the high-mobility
GalnNAs quantum wells into the low-mobility GaAs barriers at a threshold electric field of F
~6 kV/cm at T=13 K. At this field the hole drift velocity saturates at v,~ 1 X 107 cm/s. A slight
increase in the field above the threshold leads to the impact ionization of acceptors in the barriers
by the nonequilibrium holes. We observe and model theoretically a negative differential mobility
effect induced by RST that occurs at an electric field of F~7 kV/cm. The observed current surge
at electric fields above 7 kV/cm is attributed to the hole multiplication induced by shallow impurity
breakdown in the GaAs barrier and impact ionization in the high-field domain regime associated
with the packet of RST of holes in the well. © 2009 American Institute of Physics.

[doi:10.1063/1.3225997]

I. INTRODUCTION

During the past decade, dilute nitrides, particularly the
quaternary material system of GalnNAs/GaAs, have at-
tracted a great deal of attention, both because of unusual
physical properties and the potential applications for a vari-
ety of optoelectronic devices.'™ The incorporation of a small
amount of nitrogen (<2%) into the host material has been
shown to lead to large redshift of the band gap due to the
large electronegativity of nitrogen and the possibility of lat-
tice matching to GaAs substrate.®” A possible drawback of
nitrogen incorporation appears to be the drastic drop in elec-
tron mobility as nitrogen is added. This is because nitrogen
induces a strong perturbation to the conduction band of the
matrix semiconductor leading to an enhancement of the elec-
tron effective mass.*"' The mobility is further reduced by
localized nitrogen related resonant scattering.lzf15 However,
the addition of N has negligible effect on the valence band;
thus the hole mobility is not expected to be influenced by
nitrogen incorporation. Therefore, in material with relatively
high nitrogen incorporation, the hole mobility can be higher
than the electron mobility at low temperature because of both
smaller effective mass and the lack of scattering by nitrogen
complexes as observed in our previous studies.'®"” The high
hole mobility provides the motivation for the current work,
i.e., to establish a full understanding of hole transport, par-
ticularly at high electric field for their potential application in
ultrafast novel devices.

In Ga,In;_,\N,As,_ /GaAs quantum wells (QWs), hole
confinement energy is much smaller than that for electrons,
particularly at elevated nitrogen contents. Therefore, in
p-modulation doped QWs, a moderately high electric field
applied parallel to the layer interface may induce sufficient
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heating of holes for them to gain enough energy to overcome
the small valence band discontinuity (~120 meV in our cal-
culation for the samples investigated in this work) and trans-
fer in real space via thermal emission into the low-mobility
p-doped GaAs layer.18 Therefore, a negative differential mo-
bility (NDM) caused by real-space transfer (RST) of hot
holes and accompanied by high-frequency space charge os-
cillations may be achieved similar to those predicted by
Schéll and co-workers.'”? The aim of the work presented
here is to give the results of our studies on the longitudinal
nonequilibrium hole transport in p-type modulation doped
Ga_,In,N;As;_,/GaAs QWs and to explain the observed
current-voltage characteristic using a simplified analytical
model taking into account the effect of real-space hole trans-
fer and the consequent impact ionization in both the barrier
and QW.

Il. EXPERIMENT

The layer structure of the sample used in the investiga-
tion is given in Fig. 1. The sample coded 1931 was grown by
molecular beam epitaxy on a semi-insulating GaAs substrate
and did not undergo rapid thermal annealing or slow thermal
annealing. The mole fraction of indium and nitrogen in the
Ga_,In,N;As;_, QW is x=0.3 and y=0.015, respectively. To
establish the presence of the Ga,_,In,N,As;_, QWs, cw pho-

Material Thickness (A) | Doping (cm™)

GaAs (Cap) 500 Be: 1x10™

GaAs (Barrier) 200 Be: 1x10™

GaAs (Spacer) 50 UD T

Gal.XIanyAsl_ QW 70 uD

GaAs(Spacer) 50 UD x3

GaAs(Barrier) 200 Be: 1x10"

GaAs (Buffer) 500 UD l
Semi insulating GaAs Substrate

FIG. 1. The layer structures of the sample coded 1931.

© 2009 American Institute of Physics
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FIG. 2. (Color online) (a) The spectrum of sample 1931 measured at 68 K (solid line), overlaid with two fitted symmetrical Gaussian curves (thin broken line).

(b) Temperature dependence of the QW peak emission energy.

toluminescence (PL) spectra were measured as a function of
temperature (these results were published elsewhere by us
and will not be discussed here in detail).'® Here, for clarity
we showed in Fig. 2(a) a typical PL spectrum measured at
T=68 K. The spectrum reveals the presence of two overlap-
ping components, a strong narrow QW emission (FWHM
~27 meV) located at 0.95 eV and a weak broad (FWHM
~139 meV) 0.8 eV emission that may be associated with a
transition from the arsenic interstitial-gallium vacancy
(As;-Vg,) defect center to the valence band in the p-doped
GaAs layers as suggested by Yu and Shinohara.”* %

The PL emission is attributed to the recombination of
free carriers as previously reported in modulation doped
QWs; therefore, it has no S-shape temperature dependent
behavior [Fig. 2(b)], which is commonly observed at low
temperatures in the undoped material.”® The lack of the S
shape is primarily due to the high carrier density in modula-
tion doped QWs screening efficiently the localized exciton
transitions. Therefore, the observed behavior can reflect the
true temperature dependence of band gap energy and be well
fitted by an empirical relation between the band gap and
temperature, as proposed by Polimeni et al.*" and Varshni,?®
and previously reported by us. '

In order to determine the two-dimensional (2D) nature of
the electrical conductivity, we employed the orthodox Hall
measurements. The samples were fabricated in the form of
Hall bars with channel lengths of 1.75 mm and widths of less
than 0.2 mm. Ohmic contacts were formed by alloying Au
and Au/Zn. Measurements were recorded at lattice tempera-
tures between 14 and 300 K at applied electric fields low
enough to avoid any significant carrier heating effects. In-
deed, both the Hall mobility and carrier density were inde-
pendent of applied field within the measurement range. Fig-
ure 3 shows the Hall mobility and sheet carrier density
plotted against the lattice temperature. The temperature be-
havior of the Hall density and mobility can be understood in
terms of two parallel conducting channels, i.e., QWs and
barriers where relative densities and mobilities change with
temperature.30 The measured Hall carrier density and mobil-
ity are given by

_ (P11 + Pottn)?
Pu= 2 2
Py + Do

_ PIKL+ Dok

H— ) (1)
VAV S %Y %)

where p,/u; and p,/u, are the hole densities/mobilities in
the GaInNAs QWs and Be-doped GaAs barriers, respec-
tively. p; will be constant if there is no thermal emission
from the QWs, and u;, p,, and u, are all functions of tem-
perature.

We see that at low temperatures, the free carrier density
in the GaAs barrier (ionized acceptor) is negligible; there-
fore, the measured carrier density is constant and indepen-
dent of temperature, py~ 1.2X 10'2 cm™, and corresponds
to the hole density p, in the QWs. Therefore, the measured
mobility, gy~ 3125 cm2/V s, represents the hole mobility,
M1, in the QWs. As the temperature increases, the unionized
acceptors in the wide GaAs barriers fully ionize. Further-
more, with increasing temperature the free carriers in the
wells acquire enough thermal energy to overcome the small
potential barrier (hole confinement ~110 meV) and spread
into three-dimensional (3D) GaAs giving rise to the observed
increasing carrier density. In Fig. 3, the mobility decreases
slowly with increasing temperature up to 60 K, where the
mobility is mainly determined by remote impurity, interface
roughness, and acoustic phonon scattering.31_33 At tempera-
tures above 60 K, the optical phonon scattering in the Galn-
NAs layers is the dominant process for momentum relax-
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FIG. 3. (Color online) Temperature dependence of sheet carrier density
(solid squares) and low-field Hall mobility (solid circles) of sample 1931.
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FIG. 4. (Color online) Fitting of In(1/ 1/ 0) vs inverse lattice tempera-
ture (line) which gives two LO phonon energies, 37 and 25 meV,
respectively.

ation, resulting in a rapid decrease in 2D hole mobility. At
temperatures above 120 K, the Hall mobility increasingly
corresponds to the carriers in the barriers since the hole den-
sity in the barriers gradually increases as a result of thermi-
onic emission and ionization of acceptors and dominates the
conductivity at high temperature as described above. There-
fore, at higher temperatures, the scattering of holes will be
mainly via LO phonon in the GaAs layers where the mobility
is rapidly reduced to a very low value, uy~ 198 cm™2/V s
at room temperature (RT), which is close to the reported
value of the hole mobility in p-type GaAs epilayer with simi-
lar hole concentration.”"> In order to show the different
temperature regions, we used Matthiessen’s rule to obtain the
optical phonon scattering limited mobility u; o,

1 1 1
— =, 2)
Mo M1, Mo

where gy =y is the total (measured) mobility. The low
temperature mobility wuo=3125 cm™/V s includes all the
scattering mechanisms dominant at low temperatures (re-
mote impurity, interface roughness, and acoustic phonon

12 . o
o’
.. [ ]

10 NDM regime . °® N
—_ 1 ° °®
< 8- o® i
= °®
o °® * Hole mutiplication
5 6+ o i
o ‘.o

4 / _ 4
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scattering). We then plotted the natural logarithm of 1/ ¢
as a function of 1/7}, as depicted in Fig. 4. It is evident from
the figure that 1/u;o has a e“Lo%8T) dependence in two
ranges of temperature. At temperatures between 7; =65 and
120 K, the optical phonon energy %w;o has a value of
around 25 meV, while at 7, > 120 K, it is 37 meV. These
values are close to the LO phonon energies of 29 meV in
GaInNAs and 36 meV in GaAs.”® This observation confirms
that the transport at temperatures below 120 K is dominated
by holes in the QWs, while at 7; > 120 K, it is increasingly
dominated by carriers in the barrier layers. In Fig. 4, the
gradually decreasing slope of the curve at temperatures be-
low 65 K is indicative of the increasing involvement of low
energy acoustic phonons in the momentum relaxation.

High speed /-V measurements for conduction parallel to
the 2D layers were carried out using several simple bars with
lengths ranging from 50 to 100 wm. In order to reduce Joule
heating, electric field pulses of 70 ns duration with a duty
cycle less than 107> s were applied along the samples. I-V
characteristics were then recorded using a 500 MHz oscillo-
scope. In Fig. 5, we plot the measured current as a function
of the applied field at two different lattice temperatures (77,
=13 K and T;=293 K). At both temperatures, the current
initially increases linearly with electric field at low fields
(Ohmic region). It then deviates from linearity as expected
from increased momentum scattering of hot holes with opti-
cal LO phonons.36 The most interesting behavior of the
current-field characteristic is the tendency toward current
saturation in a small range of electric fields (F~6 kV/cm)
at 7;=13 K. This region, which corresponds to a drift ve-
locity v = 1% 107 cm/s, is followed by a rapid increase in
the current with increasing electric field. However, at T,
=293 K, not only does the saturation occur at very high
fields (F~19.3 kV/cm) but also the current no longer in-
creases with field above the saturation threshold. Measure-
ments on several simple bars with different channel lengths
exhibit the same behavior. We believe (and show below) that
at the saturation threshold electric field F~6 kV/cm at T,
=13 K, the nonequilibrium temperature of holes is high
enough to cause a significant population of holes to transfer
in real space via thermionic emission into the GaAs

8 4
74
o o0
°® o°
—~ 6 o ® 4
< o*®
£ o®
= 54 o®
= o®
[ L]
£ °®
3 44 4 1
34
T, =293K
2 J
14
0 T T T T T T T T T T T T T
0 3 6 9 12 15 18 21
(b) Electric field (kV/cm)

FIG. 5. (Color online) Measured current vs applied electric field at (a) 7,=13 K and (b) 7,=293 K.
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FIG. 6. (Color online) (a) Normalized mobilities as a function of applied electric field (lower horizontal axis) at 7;=13 K and lattice temperature (upper
horizontal axis). (b) Hole temperatures vs applied electric field measured at 7, =13 K. The inset shows inverse hole temperature vs power loss per hole and

the broken line has a slope of Aw;=24.7 meV.

barriers.'®!" At low lattice temperature (7;=13 K) and low
electric fields, the holes reside primarily in the GalnNAs
potential wells in equilibrium, where they experience re-
duced local impurity scattering. This coupled with the lack of
nitrogen related alloy scattering and low effective mass
(0.105mg) (Ref. 17) implies that the hole mobility in the well
is much higher than that in the Be-doped barrier (w,
~400 cm™2/V s in our calculation), where the hole effective
mass is high and the local impurity scattering is very strong.
As a result, current flow is essentially due to the hole trans-
port in the well as we demonstrate above. At moderately high
electric fields applied parallel to the layers, however, high-
mobility holes are rapidly heated up to energies well above
their thermal distribution and transfer into the adjacent low-
mobility GaAs layers. Therefore, the sample exhibits RST
induced NDM at electric fields around 7 kV/cm as expected.
However, at RT, the current is due primarily to the carriers in
the low-mobility GaAs layer as we showed above. Therefore,
at RT there is no RST and the drift velocity saturates at very
high fields at which necessary input power is achieved to
reach the momentum balance in both polar and nonpolar
phonon interactions.

In order to evaluate the nonequilibrium hole tempera-
tures as a function of applied electric field and the energy
loss rate, we used the mobility mapping technique. In this
technique, the hole mobility at 7; =13 K is obtained as a
function of applied field pr from measured /-V characteris-
tics by assuming that the hole density is constant within the
range of applied electric field F<6 kV/cm. The normalized
mobility is then obtained from the Ohmic and nonlinear re-
sistances via

\% l
Ry= (‘) = (epopg)™ X ——
F—0

1 wXt
|4 [
R-=|—] = ‘1><—, 3
F <1>F (eprmr) WXt (3)

where Ry, Rr, po, Pr, Mo and uy are the Ohmic resistance at
low field (F— 0), the field dependent resistance, the 3D car-

rier density at 7; =13 K when FF— 0, the field dependent 3D
carrier density, the carrier mobility at 7;=13 K when F
—0, and the field dependent carrier mobility, respectively. /,
w, and t are the sample length, width, and thickness of the
conduction channel (QW), respectively, and e is the elec-
tronic charge. Therefore, the field dependent mobility nor-
malized with respect to the Ohmic mobility is

Er_Beb b, @

Here it is assumed that the carrier density in the QW is
independent of the applied field, i.e., po=pp-

The measured normalized mobility wp/pu, is plotted
against electric field in Fig. 6(a). The low-field mobility at a
given lattice temperature, ppp, is also normalized with re-
spect to g, i.e., wrL/ Mo 1s also plotted against the lattice
temperature in the same figure. Assuming that increasing the
lattice temperature and hole temperature have the same effect
on the momentum relaxation in the LO phonon regime,36’37
the nonequilibrium hole temperature as a function of electric
field can then be extracted directly by comparing the electric
field dependence of up/w, and temperature dependence of
ML/ o The nonequilibrium temperatures of holes obtained
by this method are plotted in Fig. 6(b) as a function of elec-
tric field. It is worth noting that the hole temperature appears
to increase very little at F>5 kV/cm. This does not mean
that the hole temperature saturates because above the RST
threshold, the carrier density in the well is no longer con-
stant, and hence, the mobility mapping technique is no
longer valid.

In the steady state, the power input per hole is equal to
that lost to the lattice through scattering processes; thus the
rate of power loss per hole can be obtained as a function of
hole temperature, as shown in the inset of Fig. 6(b). The
broken line drawn through the experimental points is the best
fit from the energy relaxation rate involving only LO
phonons in the form®®
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ﬁ(,() o)
pP= eMFFZ = <7_L> exp(— oy o/kpT)), (5)
h

where p, hw; o, (73,), Tj, and kp are the power loss per hole,
the LO phonon energy, the characteristic time constant for
the polar interaction, the hole temperature, and Boltzmann’s
constant, respectively. It has a slope of about 24.7 meV
which agrees well with the LO phonon energy obtained
above using Matthiessen’s rule.

lll. THEORY AND THE DISCUSSION OF RESULTS

In order to simulate the observed current-voltage charac-
teristics at low lattice temperature, we use a simplified ana-
lytical model taking into account the RST of holes from
high-mobility wells into low-mobility barriers. Due to the
wide barriers, the tunneling between the wells is negligibly
small. Therefore, the holes confined in the wells are
quasi-2D and have a spatially uniform nonequilibrium tem-
perature 7, while the holes in the GaAs barriers are assumed
to be bulklike and also have a spatially uniform temperature
of T,<T,. Since the intrasubband scattering processes are
expected to occur much more frequently than the transfer
scattering from a bound state to an unbound state above the
barrier, it is possible to treat the subbands as two separate
subsystems,39 each of which has its own drift velocity V;,
hole temperature T;, and chemical potential ; (where i=1, 2
indexes the well and barrier regions, respectively). In order
to obtain the analytical solution, we introduce the following
assumptions concerning the holes.

(1) The effect of size quantization and the compressive
strain in a narrow well lead to a large splitting of the
heavy-hole subbands and the light-hole subbands, and
hence largely reduce nonparabolicity and anisotropy
of the highest subband (HH,). This allows us to con-
sider holes confined in the HH; subband. For simplic-
ity, we restrict our attention to the holes in a single
parabolic band, which is acceptable because the hole
temperatures considered here are not high enough to
deviate from the parabolicity of the energy spectrum.

(ii)) At low lattice temperatures, there is a considerable
freeze-out of carriers in the GaAs barrier at thermal
equilibrium. We therefore assume that all free holes in
the barrier are from holes out of the well via thermi-
onic emission.

(ili)  The band bending caused by the ionized negative ac-
ceptors is estimated to be lower than the center of the
barrier by about 30 meV at thermal equilibrium,
which is much lower than the valence band disconti-
nuity ~120 meV (provided it is not so strong that the
potential wells in the barriers give rise to strongly
confined states). Thus we adopt a flatband approxima-
tion for simplicity.

(iv)  The effect of nonequilibrium phonons on both the en-
ergy and momentum relaxation is ignored due to the
high effective density of states and reduced lifetime of
phonons.40

The drift velocity versus electric field curve for each

J. Appl. Phys. 106, 073704 (2009)

subsystem can then be deduced from the energy and momen-
tum balance equations under steady-state condition. For sim-
plicity, we assume the holes in both subsystems interacting
solely with polar optical phonon scattering for energy relax-
ation. We then have a set of equations. In the GaInNAs QW,
the energy relaxation rate fp, and the momentum relaxation
Mpo for the 2D hole-interface LO phonon interaction can be
written as”!

ebFVy = Ml(T1)F2 = fpo(T))

% E 12 A
= %(ﬁ_:) {["o(wl) + 1]CXP(— K(;,ll) - no(wl)}
(6)

and

1 ml*(ﬁleL)l/z

= [no(w) + 1]exp(~ hw,/kgT,),
wpo(Th) qToksTy o e

(7)

respectively. Here, fiw, is the LO phonon energy in the well,
no(w,)=1/[exp(hw,/kzTy)—1] is the equilibrium phonon oc-
cupation number at lattice temperature T, E;=h>m>/
ZmI*LZ2 is the energy shift of the lowest subband in an infi-
nitely deep well of width L, and m,*, ¢, and kp are the
effective hole mass in the well, the positive electronic
charge, and Boltzmann’s constant, respectively. 7, is a char-
acteristic time constant for the polar interaction given by

To=——| —— — -,

7 2k 2hw, €1 &
where €., and ¢, are the high-frequency and static permittivi-
ties, respectively. For momentum relaxation, in addition to
the LO phonon scattering, we introduce a further elastic scat-

tering in power law form with an arbitrary temperature de-
pendence r| to correct the low-field mobility,

Ty = Me(%)(%) ; (9)

where | can be determined from the best fit to the experi-
mental data and the value of u,(T;) can be calculated in
accordance with the low-field mobility u, using Matthies-
sen’s rule,

(1 o
,U«e(To)_ o mpo(To) '

where upo(T,) can be obtained from Eq. (7) in the limit 7
— Ty,

no(wy). (11)

We then have the total momentum relaxation rate for the 2D
holes in the well,

1 +(L_ 1 _>(£)r' (12)
,U«l(Tl)_MPo(Tl) Mo MPO(T()) Ty .
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Holes in the GaAs barrier scatter primarily from ionized
impurities and bulk LO phonons. The energy relaxation rate
per hole for the 3D hole-bulk LO phonon interaction is given
by

eFVdZ = Iu’Z(T2)F2 :fpo(Tz)

I/Zh
_ (2) ﬂ{[no(wz) + 1exp(= hwy/kgT,) — no(w,)}
o To

h 172
x( “’2> exp(fwy/ 2k Ty)Ko(hwy/2ksTy), (13)
2T,

where #iw, is the phonon energy in the GaAs barrier and
Ky(x) is the modified Bessel function. 7, and ng(w,) have the
same meaning, as defined in Eq. (6). The momentum relax-
ation for 3D holes via the interaction with bulk LO phonons
can be found using41

| m," ( hw,
mro(To) 37 2qmo\kyT,
Xexp(—hawykgT,) + ny(w,)}
X exp(hw,/2kpT,) K| (hw,y/2kgT>)
+{[ng(wy) + 1]exp(=frw,/kgT>) — no(w,)}
X exp(hwy/2kgTy)Ko(fiws/2kgT,)}. (14)

312
) {lno(w,) +1]

In addition to the scattering from LO optical phonons, the
dominant contribution to the momentum relaxation of 3D
holes is from ionized local impurities and can be presented in
the following form at low electric field:®

172 3/2

r +
““;sa-ﬁﬁm(Yb), (15)

eff,
Iulm( 0) 1+

where W(1=W=2) is a factor accounting for the p-like
symmetry of the hole wave functions, r=my,,/my, is the ratio
of effective mass of heavy hole (0.62m,) (Ref. 35) and light
hole (0.074m,) (Ref. 35), and w,, can be calculated using the
Conwell-Weisskopf approach and is given by3 >

gy 268X 10”)<ji)2<iﬁL)15
Him'207="8 16/ L 100

1
X y s
(my"Imyg) 2og(1 + ,Bzw)

where B.,=(e/16)(T,/100)(2.35X 10'°/N,)!3, ¢ is the static
dielectric constant, and N; is the ionized impurity concentra-
tion. Using the power law, the energy dependence of charged
impurity scattering can be obtained from uS(7,)=pus(Ty)
X(T,/Ty)" (where r, can be determined from the best fit to
the experimental data). The total momentum relaxation in the
barrier is then given by

1 1 1
= + - .
Mz(Tz) MPO(Tz) Miﬁ(Tz)

In order to determine the quasi-Fermi levels and carrier den-
sity in each subsystem, we adopted an additional condition:
the balance of the thermionic currents in both directions at
the interface in the steady state. The thermionic currents
flowing from the GalnNAs well to the GaAs barrier j,_,, and

(16)

(17)
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TABLE I. Values of material constants used in the calculation for sample
1931.

Parameter GalnNAs GaAs
High frequency dielectric constant e =11.11 £,,=10.6
Low frequency dielectric constant e =13.575 g5 =12.9
Polar optical phonon energy hw;=25 meV hw,=36 meV
Hole effective mass

(m¢=9.1095 X 107! kg) m,"=0.105m, m,"=0.62my
Quantum well/barrier width L.,=7 nm L,=20 nm
Power parameter r=0.167 r,=0.5

from the GaAs layer to the well j,_;, can be calculated using
Bethe’s theory and are given by4

kBTl)”z < AEV>

Ji»= - exp|l———, 18

1-2 qpl(%rmf p kT (18)
kgT, )1/2 < by )

Jr = - exp|l—— 1, 19

2-1 61P2<27Tm; p ksT> (19)

where p, and p, are the 3D hole densities in GalnNAs QW
and GaAs barrier, respectively, AE,~ 110 meV is the hole
confinement, and ¢, =30 meV is the space-charge potential
barrier. Under steady-state conditions, we then have J,_,
=J,_;. Since the hole numbers in the two subbands are re-
lated to each other and the total number of holes is con-
served, we then have

Pol,=piL;+ pols, (20)

where p is the 3D hole density in the well at low field, and
L, is the width of the barrier. Finally, the field dependent
current of the GalInNAs/GaAs QW-barrier system can then
be calculated by

I=L+L=gpVaLw+ gp,VpLow, (21)

where w=2.8 X 1073 cm is the width of the simple bar.

The balance equations have been solved numerically for
sample 1931 at T;,=13 K taking the parameters given in
Table 1. The resulting drift velocities versus electric field are
shown in Fig. 7. The drift velocity of 3D holes is much lower
than that of 2D holes due to the strong local ionized impurity
scattering, which dominates the momentum relaxation at
electric fields up to approximately 3.2 kV/cm, where the LO
phonon scattering becomes more important. On the other
hand, the high drift velocity of the 2D holes is accompanied
by a rapid increase in their temperature with the rising elec-
tric field. As a result, the LO phonon scattering of 2D holes
becomes dominant at much lower electric field (approxi-
mately 0.8 kV/cm). At fields higher than approximately
6 kV/cm, the 2D carriers in the well are considerably heated
which allows a significant fraction of holes to be scattered
into the 3D subband and the barrier layer starts to be popu-
lated, as shown in Fig. 8. As the electric field is further
increased, more carriers are transferred into the barrier layer
and the inversion of the carrier population is reached at fields
above approximately 8.4 kV/cm.

In Fig. 9, the calculated total currents for the GaInNAs/
GaAs system including the contributions from both the
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FIG. 7. (Color online) Calculated drift velocity of the 2D holes in the well
(full line) and the 3D holes in the barrier (dashed line) as a function of
applied field.

GalnNAs well and the GaAs barrier are plotted as a function
of electric field. Also shown in the figure are the experimen-
tal results, represented by solid diamonds. It is clearly seen
from the figure that for fields up to approximately 6 kV/cm,
the overall current flow is essentially due to the 2D hole
transport in the GaInNAs well. However, as the field further
increases, the number of holes in the well steadily reduces
resulting in the contribution from 2D holes to the overall
current falling off. On the other hand, the 3D hole part of the
current increases with rising electric field, but it cannot com-
pensate for the decrease in the 2D hole part of the current
due to the low drift velocity in the GaAs barrier. This leads
to NDM for fields above ~7 kV/cm. Comparison of calcu-
lated with measured currents indicates that the experimental
data only agree very well with the calculated results for fields
below approximately 6 kV/cm, for fields above it; however,
the values of measured current are higher than the calculated
ones. Furthermore, the measured current exhibits NDM char-
acteristic at fields around 7 kV/cm, but it sharply increases as

1.0 + e UL T T

"u
0.8 - "
0.6

04 -

0.2 - [}

Fraction of holes in the QW
| ]

0.0 |-

0 2 4 6 8 10 12
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FIG. 8. Calculated fraction of the holes in the GaInNAs well as a function
of electric field.
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FIG. 9. (Color online) Calculated current vs applied field at Ty=13 K (full
line). Two dashed lines show the contributions from the 2D subband (long
dashed line) and the 3D subband (short dashed line) to the current. The solid
diamonds represent the experimental data.

the electric field further increases. These interesting observa-
tions can be well explained in terms of hole multiplication.
At electric fields above about 6 kV/cm, the transferred holes
from the GaInNAs well can impact ionize the acceptors giv-
ing rise to the increase in the current in the GaAs barrier.
Since at high electric fields the current is dominated by the
3D hole transport in the barrier (Fig. 8), we calculated the 3D
hole part of the current by assuming that all the acceptors are
ionized. However, the calculated current is much lower than
the experimental data. This strongly suggests the presence of
an additional mechanism leading to a sharp increase in the
current. As it is well know, in the N-NDM regime, homoge-
neous fields are always unstable and the high-field domain
associated with RST of holes can be formed in the well. In
the high-field domain region, band-to-band impurity ioniza-
tion may occur resulting in the creation of holes having high
mobility in the well. Therefore, we believe that the occur-
rence of impact ionization in both the barrier and well leads
to the observed current surge. The direct experimental proofs
confirming the impact ionization are now under investigation
and the results are expected to be published in the near fu-
ture.

IV. SUMMARY

In conclusion, we have studied the energy and momen-
tum relaxation of hot holes in the Ga,In;_N,As;_,/GaAs
modulation doped quantum-well structures. The results are
compared with a simplified theory based on the energy and
momentum balance method including the effect of RST of
hot holes in the GaInNAs well. It has been shown that the
RST of hot holes only occurs at low temperature and the
observed complicated hole transport behavior in the
GalnNAs/GaAs system can be well understood in terms of
the RST effect and hole multiplication induced by impurity
breakdown in the GaAs barrier and impact ionization in the
high-field domain regime traveling along the applied field
direction. This unusual high-field transport behavior of 2D
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holes in p-type GalnNAs material is expected to open up a
wide range of possible applications. Shallow impurity break-
down in the Be-doped GaAs layer allows the direct transition
from the valence band to the acceptor level, which may re-
sult in microwave radiation in the terahertz frequency
range.44 Furthermore, excess carriers created due to field-
induced impact ionization inside the traveling domain may
result in light emission via a number of radiative recombina-
tion mechanisms such as interband recombination of the im-
pact ionized electron-hole pairs and bremsstrahlung. These
mechanisms have been exploited for many devices such as
metal-semiconductor field effect transistors” and Gunn
laser,*® based on the GaAs material system. In addition, the
effect of RST can lead to intrinsic self-generated oscillations
in the range 20-80 GHz,* which is of considerable interest
for applications as a simple way of generating high-
frequency microwave power based on the GaInNAs material
system.
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