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We report the temperature-dependent characteristics of photoluminescence emission in modulation 
&doped AlxGa, -,As/In,Ga, -,As/GaAs structures. Transition energies are analyzed using a 
self-consistent solution of the coupled k-P Hamiltonian-Poisson equation. At low temperatures, 
dominant emissions are due to the transitions from the first electron subband to the first heavy-hole 
subband and from the second electron subband to the first heavy-hole subband irrespective of the 
location of modulation doping. The second hole subband related transitions associated with the first 
electron subband or the second electron subband emerges with increasing temperature depending on 
the location of doping. The relative intensities of the transitions from the first and second electron 
subbands to the first heavy-hole subband transitions are analyzed as a function of the Fermi energy 
position. An excellent agreement is found between the measurements and calculations. Q 1994 
American Institute of Physics. 

1. INTRODUCTION 

The pseudomorphically strained InGaAs layer has been 
demonstrated1 to be an excellent channel layer for the 
modulation-doped A1,Gat .-,As/Ir-,Gat -,As/GaAs pseudo- 
morphic high electron mobility transistor (p-HEMT). The 
use of an InGaAs channel layer results in a larger 
conduction-band discontinuity. It is possible to use 
AI,Ga,-,As (x60.2), in which no DX centers are present, 
without sacrificing from two-dimensional electron gas 
(2DEG) carrier density. Such a p-HEMT structure has 
emerged as the device of choice for power microwave de- 
vices in the 30-100 GHz range and for many high-speed 
digital applications.29 Electrons are confined at the hetero- 
junction not only by their electrostatic attraction to ionized 
impurities in the large gap Al,Ga, . . ..As layer, but also by the 
presence of an In,Gar-,As quantum well (QW) between the 
AI,Ga,-,As and GaAs. This quantum well also confines 
photogenerated holes, which makes photoluminescence (PL) 
a useful tool for studying the 2DEG in these technologically 
important structures. The thin In,,Gar -,As layer, with its lat- 
tice constant larger than GaAs is under biaxial compression 
to force a lattice match to GaAs substrates. The strain (in the 
range of l%-2%) separates the light- and heavy-hole states 
and shifts the band gap to higher energy. Much of the previ- 
ous work4-6 involving PL from modulation-doped 
Al,Ga, -,As/In,Ga, -@z/G~A~ p-HEMT structures were 
centered on the correlation between the sheet carrier concen- 
tration and PL line width. Electric field effects on low- 
temperature PL line shape and energy were studied7 by 
modulating the Fermi level with a reverse gate voltage. The 
excitonic resonant enhancement of the Fermi-edge singular- 
ity was observed’ from a system under a near-resonant con- 
dition between an exciton level from a higher electron sub- 
band and the Fermi level. However, detailed study on the 
origin of transitions has not been made. 

In the present work, we studied temperature-dependent 
PL characteristics for p-HEMT A&Ga, -xAs/InYGa, -,As/ 
GaAs n-type modulation-doped structures. The doping was 
made at single side or double sides of the In,,Ga,-,,As QW. 
The transition energies were analyzed based on calculations 
made using a self-consistent solution’ of the coupled k-p 
Hamiltonian-Poisson equation which gives the effective 
band gap, the Fermi energy, electron- and hole-subband en- 
ergies, and sheet carrier concentration. We find that the type 
of PL transition depends on the location of doping. The PL 
intensity was analyzed considering the subband filling and 
the overlapping factor coming from the band-bending behav- 
ior. 

II. EXPERIMENTAL DETAILS 

Ten p-HEMT wafers, with typical structures shown in 
Figs. l(a) and l(b) and individual structure parameters given 
in Table I, were used in this study. They consist of two types 
of structures: namely, doping made at double sides or single 
side of the InyGa, -,As QW as shown in Figs. l(a) and l(b), 
respectively. The structures doped at double sides consist of 
Si 6 doping, A&Gal -,As spacer layer, IndGal -@s QW, un- 
doped 50 AA&Gal -,As layer, and a 50 A AlxGa, -,As layer 
doped with a Si 9~ 1017 cmp2. The Si 6 dopings were 3X, 
4X and 5X10i2 cmm2. The spacer layer width varied from 
25 ;o 180 A so that the number of electrons which trans- 
ferred from the S layer to the In,,Ga,-,As also varied. The 
double-side Si doping above and below the QW well con- 
trasts with a single-side Si doping only above the well in 
terms of producing different types of transitions. Sample J 
was grown by organometallic vapor phase epitaxy (OMVPE) 
at Kopin Corporation and other samples were grown in 
Varian Gen-II molecular beam epitaxy (MBE) apparatus us- 
ing solid source As, with [As,]/[Ga] beam equivalent pres- 
sure ratio of -15. 
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FIG. 2. T=2 K calculated band structure (solid Iines), carrier concentration 
(dotted line), and Fermi energy ef, the first conduction subband el, second 
conduction subband e2, and the first heavy-hole valence subband hl. 
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FIG. 1. (a) Nominal structure of the Q-HEMT A. There are double Si dop- 
ings above and below the InGaAs QW. (b) Nominal structure of the 
p-HEMT H. There is single Si doping above the InCaAs QW. 

PL measurements were made using a variable tempera- 
ture Jams optical dewar. The 5145 A line of an Ar ion laser 
was used as an excitation source with density of 10-3-10’ 
W/cm2. PL spectra were obtained with a Spex monochro- 
mator of focal length f =0.5 m and were detected with a 
liquid-nitrogen-cooled North-Coast optics Ge detector; A 
standard synchronous technique was used with a lock-in am- 
plifier. 

TABLE I. Samples used and their structure parameters. 

General Well width Spacer layer Si delta doping 
No. Doping description 61 (A) (cm-‘) 

A Double Fig. l(a) tz.5 45 4x 10’2 
B Double Fig. l(a) 125 25 4x10’2 
C Double Fig. l(a) 125 90 4x10’2 
D Double Fig. l(a) 125 180 4x10’2 

E Double Fig. l(a) 125 45 F Double Fig. l(a) 125 4.5 3X01012 
G Double Fig. l(a) 125 45 5x1012 
H Single Fig. l(b) 150 30 5x1o’2 
I Single Fig. l(b) 100 45 5x10’2 
.J Single Fii. l(b) 150 60 5x1o’2 

We previously described a quantum-mechanical 
calculation’ of the band edges and electron distribution of 
&doped AI,Ga, -,As/In,,Gar -,As/GaAs p-HEMT structure. 
The theory was accomplished with a four-band k-P calcula- 
tion of the band structure, coupled self-consistently with a 
solution of the Poisson equation. The eigenstates were de- 
scribed in terms of a basis consisting of electron, heavy-hole, 
light-hole, and split-off bulk states. The exchange-correlation 
potential was calculated from density functional theory 
within the local-density approximation. 

Recently, this work was extended to include strain- 
induced band mixing and strain-induced corrections to the 
spin-orbit interaction.” Surface donor and acceptor states 
were included to pm the Fermi level at E, -0.75 eV, which is 
known to occur for a free surface of GaAs. The model can 
also incorporate interface states at inverted GaAs/AlGaAs 
and other interfaces. The density of these states is uncertain 
depending on the growth conditions. In the present calcula- 
tions, interface states were omitted. The binary material pa- 
rameters used to calculate the band structure are also given in 
Ref. 9. We analyzed experimental data obtained at T=2, 77, 
and 300 K even though the measurements were made at 
T=2-300 K. The values for the band gap of In,,Ga, -,,As are 
as follows: ‘l-l3 

E,(y)= 1.519- 1.584y+0.475y2(eV) at T=2 K, (1) 

E,(y)= 1.508- 1.580y+0.496y2(eV) at T=77 K, 
m 

E,(y)=1.423-1.500y+0.436y2(eV) at T-300 K. 
(3) 

The temperature-dependent values of the band gaps of 
Al,Gat-,As were obtainedI from the Varshni-type relation. 
The calculated band edges, electron concentration profiles, 
the first and second electron subbands el and e2, the first 
heavy-hole subband h 1, and the Fermi energy ef at T=2 K 
are shown in Fig. 2 for the region around the QW for sample 
A, which is double side doped. 

Even though double-sided Si doping was used, a heavier 
doping above the QW gives a strong band bending at the 
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FIG. 3. PL spectra of sample A at T=Z, 100, and 295 K. 

spacer layer and the region near the spacer layer in the QW 
and almost flat-band profile in the region away from the 
spacer layer. 

Iv. RESULTS AND DISCUSSION 

Figures [3) and (4) show PL spectra at different tempera- 
tures for samples A and H, which have sample structures 
shown in Figs. l(a) and l(b), respectively. Sample A is doped 
with Si on both sides of the Ino,.&ao,7sAs QW, whereas 
sample H is S doped only one side above the Inaz,Gao,sAs 
QW. At low-temperatures dominant PL emissions are from 
the transitions between the e 1 and h 1 subbands and between 
the e2 and h 1 subbands, respectively, designated as (e l-h 1) 
and (e2-h 1) irrespective of the location for doping. However, 
as the temperature increases, a doping location-dependent 
transition appears: transitions (e2-h2) and (el-h2) emerge, 
respectively, from samples A and H at high temperatures. 
Figure 5 and 6 show the detailed relation between the tran- 
sition energy and temperature for samples A and H. PL mea- 
surements for all other structures basically show the same PL 
characteristics as shown for samples A and H: (1) dominant 
transitions at low temperatures are due to the (el-h 1) and 
(e2-hl), (2) the increase of temperature brings an additional 
transition (e2-h2) or (el-h2), and (3) the (e2-h2) and (el- 
122) transitions originate, respectively, from the double- and 
single-side doped samples. It can be explained easily in 
terms of band bending, that parity allowed transition (e2-h2) 
for the structure doped at double sides and nonparity allowed 
transition (ei-h2) for the structure doped at single side are 
preferred, since the band bending yields a triangular and 
somewhat flat potential and mainly a triangular potential, 

W4 

FIG. 4. PL spectra of sample H at T=2, 135, and 300 K. 

respectively, for the double-and single-side doped structures. 
We will, now, discuss the availability of holes at the h2 sub- 
band. 

Figure 7 shows the relationship between the integrated 
emission intensity and 103/T of the transitions (e l-h 1) and 
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FIG. 5. Temperature dependence of the energies of the transition (el-hl), 
(e2-hl), and (e242) for sample k 
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FIG. 6. Temperature dependence of the energies of the transition (.eI-hl), 
kl-h2), and (e2-hl) for sample H. 

(e2-hl) for sample G. The solid lines are fit calculated with 
the following equation: 

I=C,I[l+Ca exp(-E,lkTj], (4j 
where I is the integrated emission intensity, E, is an activa- 
tion energy, and Cr and C, are constants. From the fit, E, of 
3022 and 29?2 meV, respectively, from the (el-h 1) and 
(e2-hl) transitions is obtained. These values are consistent 
with the calculated value of 30.2 meV, the difference be- 
tween the hl and h2 subband energies designated as (h2- 
hl). We attribute the population of holes at the h2 subband 
to the thermal excitation from the hl subband with increas- 
ing temperature. Another evidence of the thermal excitation 
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FIG- ‘7. Temperature dependence of the integrated intensities of the transi- 
tions (el-hl) and (e241) for sample G. The solid lines are fit to Eq. (3). 
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FIG. 8. Different PL spectra obtained from samples J, H, and I at T=300 K. 

is present in Fig. 8. The figure shows three PL spectra at 
T=300 K from single-side-doped structures J, H, and I. The 
three spectra show different characteristics in terms of the 
dominance of peak intensity between the transitions of the 
(el-h 1) and (el-h2) emissions: Sample J shows the domi- 
nance of the (el-h2) transition over the (el-hl), sample H 
shows almost comparable strength between the two, and 
sample I shows only (e l-h 1) transition. These characteristics 
originate from the difference of (hl-h2). The calculated val- 
ues of (hl-h2) are respectively, 26, 36, and 53 meV for 
structure J, H, and I. The degree of the hole thermal excita- 
tion depends on the value of (hl-h2). This is exactly illus- 
trated in Fig. 5. However, the three samples show the usual 
(el-hl) and (e2-hl) transitions at low temperatures as 
shown in Fig. 4. So, the near-room-temperature PL charac- 
teristics strongly depend on the location of doping and the 
value of (hl-h2). Other evidence of the hole thermal excita- 
tion can be found from Figs. 5 and 6. The (e2-h2) and (el- 
h2) transitions begin to appear approximately at 140 and 240 
K. This is well correlated with the values of 27 and 37 meV 
for (hl-h2) for structure A and the H in Figs. 5 and 6. 

Now we turn our attention to the T=2 K relative 
strength of (e l-h 1) and (e2-hl) transitions from the same 
structures shown in Fig. l(a) except for the spacer layer 
width and doping level. Figure 9 shows PL spectra from 
structures B, A, and C. 

All three samples are double-side doped. The only dif- 
ference among the structures is the spacer-layer width, which 
changes the number of electrons transferring to the InGaAs 
QW from the &doped region. The strength of the (e2-hl) 
transition relative to that of the (el-hl) transition clearly 
decreases with increasing spacer-layer thickness. In order to 
understand this observation, the relative integrated emission 
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FIG. 9. T=2 K PI spectra obtained from samples B, A, and C. Note the 
variation of intensity of the (e2-k 1) transition relative to that of the (e l-k 1) 
transition. 

intensity of the (e2-hl) and (el-h 1) transitions(l,,/l,,) is 
plotted with the energy difference of the Fermi and the e2 
subband energies (ef-e2=AEfz) for six samples in Fig. 10. 
The solid line is based on a calculation of the square of the i 
to j subband optical matrix element of the involved transi- 
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FIG. 10. Ratio of integrated PL intensity of e2-kl transition to that of el-kl 
transition vs AE, relation (AE,=ef-e2). 
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tions. Recently, Lyo and Jones” developed a theory describ- 
ing the PL line shape in modulation-doped n-type material. 
According to the model a PL emission rate is obtained by 
multiplying the square of the i to j band transition matrix 
element by the line-shape function Fij /li. The line-shape 
function Fij is defined by 

Fij(o)=AWm) uwd~f(5-y,j)f(w-5-~ei)L(w,5), I’ 
(5) 

where w is the photon energy minus the effective band gap, 
lU,i and p”j are ith band electron and jth band hole chemical 
potential, f(x) are the Fermi function, A is a normalization 
parameter, 6yo) is the unit step function. The Lorentzian fac- 
tor L accounts for the processes associated with direct tran- 
sition in k space and indirect transition assisted by impuri- 
ties. When we designated the square of the initial i to final j 
state transition matrix as Oil, Oij can be written16 as 

Oij=IZ’Pij/2, (6) 
where C? is the unit vector potential and 
Pii= -ihSe$V,4idr. 4i and C$ are the initial i state and 
final j state wave function. So, the PL intensity from the i 
state to the j state, lij, is given by l/h, 0,) Fij. Under the 
conditions of low temperature and low excitation, the avail- 
able range for hole k vector kh, is limited by the degree of 
hole localization due to potential fluctuation in a nonideal 
real crystal. Then /&I+, where k$ is the Fermi wave vec- 
tor for i particle and F,, and F,, become constants. So, 
Z2r/IIl is proportional to 021/011. The solid line in Fig. 10 is 
the plot of 021/011 values, which are calculated” using a 
self-consistent solution of the coupled k-P Hamiltonian- 
Poisson equation. As sheet carrier concentration in the well 
decreases, the band bending decreases. Then, the QW shape 
becomes flat and the overlap between the el and hl wave 
functions increases whereas the overlap between the el and 
h2 wave functions decreases. When ef Be2 with the increase 
of sheet carrier concentration, the band bending becomes 
sharper. Then, the overlap between the el and h 1 wave func- 
tions decreases and the overlap between the e2 and hl wave 
functions increases. 

V., CONCLUSION 

Temperature-dependent PL measurements were made for 
ten p-HEMT AI,Ga, -,As/In,Ga, -,As/GaAs structures. The 
structures doped singly above the In,,Ga,-,As well and 
doped doubly above and below the well were chosen. A theo- 
retical calculation using a self-consistent solution of the 
coupled k*P Hamiltonian-Poisson equation was used to ob- 
tain the band edge, the Fermi energy, electron- and hole- 
subband energies, and sheet carrier concentration. T3vo domi- 
nant emissions at low-temperatures are due to the (el-hl) 
and (e2-hl) transitions regardless of the location of doping. 
However, with the increase of temperature, new emission of 
the (el-h2) and (e2-h2) transitions appears, respectively, 
from the singly and doubly doped structures. The emergence 
of the (el-h2) and (e2-h2) transitions can be attributed to the 
shape of band edges in the structures, respectively doped 
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singly and doubly, which selectivity boost the overlap be- 
tween respective transitions. The availability of the hole at 
the h2 subband is due to the thermal excitation of hole from 
the hl to h2 subband. Therefore, the energy difference be- 
tween the hl and h2 subbands affects the intensity of the 
new transition over the existing (el-hl) and (e2-hl) transi- 
tions. Measurements taken only at room temperature can 
cause difficulty in identifying the type of emission. The ther- 
mal excitation from the hl to the h2 subband can be dem- 
onstrated by using the relationship between emission inten- 
sity and temperature, room-temperature emission 
characteristics of the singly doped structures, and the emerg- 
ing intensity of the new emission. At low temperatures, the 
relative strength of the (el-hl) and (e2-hl) transitions can 
be explained by the square of the initial to final band transi- 
tion matrix. This is clear in view of the greater band bending 
with increasing sheet carrier concentration in the InGaAs 
well, which causes the difference of overlapping of the re- 
spective electron and hole wave functions. 
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