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Energies and oscillator strengths of the optical transitiondrfGaN/GaN quantum-well structures with
thin cap layers are investigated theoretically. Based on a self-consistent solution of thdiiRmgmr&oisson
equations, the internal fields generated by spontaneous surface charges and piezoelectric interface charges are
systematically discussed for different sample configurations under consideration of indium surface segregation.
We vary background doping density, thickness of the cap layer, number of quantum wells, indium content, and
polarity of the structure. Indium surface segregation is shown to result in a blueshift of the transition energy
and in a decreased optical matrix element at the same time. Background doping influences the band-edge
alignment not only via screening of the polarization charge at the material interfaces by quantum-confined
carriers, but also via ionized dopants in depletion layers. This becomes particularly important in case of
Ga-face-grown material with-type doping. We find that the position of the quantum well within the sample
severely affects transition energy and optical matrix element.

l. INTRODUCTION qualitative understanding of the spectra’ More elaborate
self-consistent calculations of the Sctiimger and Poisson
(In,GaN attracted much interest in the last few yearsequations allowed one to explain shifts of transition energy
since it has become the key material in commercial fabricaand modifications of carrier lifetime by screening of polar-
tion of long-lifetime light-emitting diode$LED’s) and laser  ization charges and potential fluctuations in highly doped
diodes(LD's) for the blue to ultraviolet spectral range. Up to Samples or under high excitatiéh.l“‘” . .
now, exclusively(In,GaN is used as active region in these N this paper, we give a detailed description and analysis
devices. However, the light-emitting mechanism is not yetOf the overall electric-field situation along the growth direc-

fully understood because this material system exhibits somfion in (In,GaN/GaN SQW's and MQW's. We focus on a
peculiarities sample design with a thin cap layer, typical of excitation

The rather poor structural material quality in terms of de_experiments. In this situation, both the spontaneous surface

fect density, compositional homogeneity, abrupt in'terfacespc’lar?zation charge of the cap and t_he piezoelectric interface
etc. compar,ed to other heterostructures,is mainly a conngIanzatlon charges of the wells influence the band-edge

f ¢ hemical diff betw GaN jlignment, and thus optical transition energies and matrix
quence o all strong ¢ bem'C; |I_dererrllce et e_ebq_ a%\ aN8lements. Previous calculations reported in the literature up
InN. It results in(f) a road sofid phase miscl ||ty_g P to now treated only the case where QW’s are decoupled from
between GaN and InN, giving rise to phase separation, ang,, sample surfac:14~%or MQW's in a p-n junction and

(ii) a large lattice mismatch between well and barrier mategansistor structure¥. Our results demonstrate that optical

rial associated with a high dislocation density. Much effortyansition energies and matrix elements depend sensitively
has been made to investigate spatial extension and depth gf, the design of the structure.

compositional fluctuatiods as well as their impact on the Furthermore, we investigate for the first time the com-
optical properties. The huge Stokes shift of the emission lingined impact of polarization fields and indium surface seg-
has been attributed to carrier localization in band-tail sl‘étes.regation_ A strong tendency of indium surface segregation
Another peculiarity results from the polar axis of the during the growth of(In,GaN can be expected as a conse-
wurtzite crystal structure and the strong polarity of the 11I-N quence of the large difference between the free binding en-
bindings. All group-III nitrides in the wurtzite phase have athalpies of GaN and InN8-20This effect is well investi-
strong spontaneous macroscopic polarization and large pigated for comparable arsenide heterostructtifes.Segre-
ezoelectric coefficients. This has been found framinitio  gation limits the indium incorporation and smoothes the
calculations>® The abrupt variation of the polarization at structural transitions between well and barrier materials.
surfaces and interfaces gives rise to large polarization sheétence it redistributes the polarization charge into a wider
charges that in turn create internal electric fields of the ordespace region, so that the resultant electric field may be much
of MV/cm. A huge redshift of the transition energy and adifferent from that for ideal interfaces.
strong increase of the carrier lifetime due to the quantum- We present a self-consistent treatment of Poisson and
confined Stark effect are marked features in the optical speSchralinger equation for various experimentally relevant ge-
tra of (In,GaN/GaN quantum wells, extensively debated in ometries of (In,GaN/GaN SQW'’s and MQW'’s. For the
many publicationd= 13 First estimates were restricted to the (In,GaN well material, the homogeneous alloy model is
bare field profiles for single and multiple quantum wells adopted. This simplifying assumption appears to be justified
(SQW’s and MQW'’$ in undoped material. They yielded a in our case since the macroscopic redistribution of charge
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due to the screening of polarization fields in a QW stack is TABLE I. Calculation parameters. The abbreviation lin. int.
not much affected by compositional inhomogeneities in thestands for linear interpolation.

wells. Furthermore, several characteristic experimental find
ings like the dependence of the emission energy on the well ~Parameter GaN InN (In,GaN
width®26 (quantum-confined Stark effgand the emission (nm)? 0.3189 0.354 ——
energy shift induced by injection curréhtor by photoin-

o ; . . . a 0.5185 0.570 lin. int.
duced excitation density could be explained with this ap- E (?z\)/)b 34 18 n-1n
proximation. 9 cb ' '

The paper is organized as follows. The theoretical modetl) (bowing (eV) 2.5

d,b
and the range of parameters are given in Sec. II. The result8e’™ 02 0.2

e,b
of the self-consistent calculations for different segregatioﬁnbh Mo 1.0 1.0

profiles of an otherwise fixed SQW are discussed in Sec. III® 9.5 12.0 lin. int.
Section IV follows with a detailed analysis of the electric- 1 (K) 300 300
field situation of SQW's and MQW's with a fixed represen- AEc/AEy 70/30
tative segregation profile for various experimentally relevantsp (C/m?)® —0.029 —0.032 lin. int.
geometries. We discuss the different physical situations witiss (C/n?)° 0.73 0.97 lin. int.
an emphasis on the screening of polarization fields. To alloves: (C/n¥)? -0.49 —-0.57 lin. int.
simple estimates for a given sample, analytical approximaCi; (GPaf' 367 223 lin. int.
tions are derived for the field profile in all cases. The paper i<, (GPa) 135 115 lin. int.
summarized in Sec. V. Cy3 (GPa) 103 92 lin. int.
Cs3 (GPaY 405 224 lin. int.

Il. THEORY 8Reference 27.

We consider wurtzite WGa_,N/GaN SQW's and PThese numbers are typical values within the according spectrum
MQW'’s with a thickness ofd=3 nm, as widely used in given in literature. The choice of these parameters is not critical
LED’s and LD’s. The growth axis is the crystallograplic ~ concerning the qualitative results of our calculation.
axis. The QW’s are assumed to be pseudomorphically grOWEReference 28.
on a relaxed GaN buffer and capped with a GaN layer. ThregReference 29.
representative indium concentratiors-0.05, 0.1, and 0.2 :‘References 29 and 30.
will be compared. A constant donor concentratibh, ~ Reference 31.
throughout all layers is assumed. The cases of low, mediunﬁREference 5.
and high doping are considered, representedNgy=5  Reference 32.
X 10%, 5x 10", and 5< 10 cm™ 3, respectively.

The band-edge energy discontinuities at heterointerfaces

agan—a(x) c(x)—c(x)
can be expressed as €)(x)= AN

a(x) and €, (x)= o)

(4)
Ea)=£Eq(0)  (a=eh), @ are the strain components parallel and perpendicular to the

where ¢,=AE./AE, and &=AE,/AE;=1-¢, are the QW plane, respectively. The corresponding lattice constants

relative band offsets in the conduction and valence band&re denotee andc. Vegard's law is assumed for calculating
respectively. For the dependence of the band-gap ergjgy the relaxed lattice constant(x) and c(x) of the ternary

of strained InGa,_,N on x, we use the common interpola- (In,GaN alloy. The actual lattice constarg(x) of the
tion strained(In,GaN QW is determined by the elastic constants
Cj; of the material

Eq(X)=EgN(1—x) +Ey""x—bx(1—X). 2

. (5

The bowing parametelb phenomenologically accounts for E(x)=c(x)(1—2%e”(x)
the nonlinearity of the relation. The material parameters used Cas
in the calculation are listed in Table I.

The polarization in wurtzite nitrides is oriented along the  Two possible orientations of the spontaneous polarization
c axis. The total polarization of |iGa_,N can be written as  with respect to the growth direction have to be distinguished.

a function of the indium contenrit’ The polarization vector points toward the substrate in case of
Ga-face polarity and toward the surface in case of N-face
P(X) = e33€, (X) + 2e31€)(X) + Psy(X), (3 polarity 3® Both polarization types can be grown, and will be

compared in the following. The orientation of tkeaxis is
where the first two terms describe the strain-indugedzo-  always chosen along the spontaneous polarization, i.e., in the
electrig part, oriented in th¢0001] direction[according to  [0001] direction.
the compressive strain state @®h,GaN pseudomorphically P[x(z)] varies with the vertical coordinatevia the varia-
grown on relaxed GaN The spontaneous contribution tion of the indium content, and hence exhibits discontinuities
Psp(X) points in thef 0001] direction.e;; are the coefficients  at the respective interfaces. These spatial variatiofsgive
of the piezoelectric tensor, and rise to the polarization charge density
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(11)

F- Ea_ Qa¢
KT

J
Ppol(Z)=— > P[x(2)], (6) Na(z)= Ngdfllz(

that in turn creates huge electric fields. The abrupt disappe
ance of the spontaneous polarizatié, at the surface
causes a bare field as large &F|=|Psy/eey|
~3.5 MV/cm. Inside the QW, the piezoelectric contribution
dominates the polarization, because the spontaneous pol
izations of GaN and InN do not differ noticeably. It is ori-
ented opposite to the spontaneous polarization, and the cofy

responding bare piezoelectric fields range between 0.85 andy. o energies and overlap integraldz i7o(2) ¢n(2), Unoc-

3.5 Mvijem for _the mvgsngated compositions. . cupied states have to be considered as well. Therefore, these
The mutual interaction of these fields and occupied elec-

tronic states can be described by the Sdimoer—Poisson additional subband energies and wave functions were calcu-
. y 9e . lated by a postprocessing procedure. Restricting ourselves to
system of equations. The energ|e§ and wave functions

A ) confined states only, the Scliinger equation is solved for
¥a(2) of the electron and hole subbands are determined from 4., QW separately using again the method of finite differ-

the single-particle effective-mass Sctiger equations ences. This simulates only the situation of low excitation
density, where the band-edge alignment is not altered by

Afor the particle densities on the right hand sidg,, is the
Fermi integral with index 1/2 antl3=2(27m,kT/h?)3/2,

The buffer layer is assumed to be very thick compared with
the heterostructure, so that the influence of the substrate in-
FErface is negligible.

During the self-consistency run only sufficiently occupied
bbands are accounted for. However, to obtain optical tran-

n? 9 K Kk photoexcited carriers. Our calculation of the transition en-

a Z_manLVa(z) Ya(2)=2ala(2), a=eh, (D) ergy includes furthermore a perturbative correction due to
exciton binding® for densities below the Mott transition, and

with the potentials due to the exchange contribution to the band-gap renormal-
ization above the Mott transition. The Mott transition is as-

Va(2) =E4(2) + daep(2). (8)  sumed to occur when the band-gap renormalization is equal

k labels the subband&,(z) are the band-edge discontinui- to the exciton binding energy.

ties according to Eq.1), the second term is the electrostatic
contribution.q.= —e and g,= +e denote the electron and 1. INDIUM SURFACE SEGREGATION
hole charges, respectively. All charge densities of the system
act as sources of the electrostatic potentiéd) according to
the Poisson equation

Due to the large difference between the free binding en-
thalpies of GaN and InNf indium surface segregation dur-
ing the growth ofIn,GaN can be expecteti!®*?°As a result,

2 the profile of incorporated indium is not rectangularly
‘9_¢(Z):_ e[nh(z)_n8(2)+ND]+pp°'(Z)_ (9) shaped, as usually assumed for calculating subband states
i SN and optical properties. However, it is rather difficult to mea-
sure the actual distribution of indium along the growth
direction® In most cases only the nominal integral indium
content of one QW-barrier period, and the well and barrier
na(z)= NaE |¢|;(Z)|2 In(1+ e(Ffsg)/kT), (10) thicknesse; ina MQW are known fr(_)m th_e growth process or

K from experiments like, e.g., x-ray-diffraction measurements.
In this section, we discuss the consequences of non-

. . _ 2 .
whereF is the Fermi energy antl,=m.kT/@#" is an ef-  ocangularly shaped indium profiles in the presence of po-
fective two-dimensional density of statés=300 K is used |5/ization fields.

in all calculations presented below, corresponding to device T4 mimic the indium profile, several suggestions
applications at room temperature. We have redone some c3lyye peen made in literatu?é-23 most of them for
culations for lower temperatures. Although the distribution canige2l-23 We use error functions with segregation
of carriers among the subbands changed noticeably, the tOt@ngthsLsi and L., for the inverted(inGaN-on-GaN and

sheet densities in the QW’s was less sensitive, and the globglmal (GaN-on-InGaN interfaces, respectively
field profile changed only slightly. ' ’

Because the densities depend in turn on the subband en-
ergies and wave functions, the basic equatiohs(10) be- 0,
come coupled and have to be solved self-consistently. This
calculation was performed iteratively, using the numerical

The particle densities herein are given by

6<0

é
Xo erf( —) , 0=s6<d

method of finite difference¥:*® The polarization charges X(zi=9)= Lsi

were simulated by additional, fully ionized dopants, dis- X erf(i) 1—erf( 5_d) d<s
cretized in 1-A-wide steps on the numerical space grid. The ° Lg; Len /| '
Schralinger equation is solved only in a limited region that (12

includes the cap layer, the QW stack, and some ten nanom-

eters of the buffer. Vanishing of the wave functigris used = wherez; denotes the position of the inverted interface, and
as boundary condition on both sides. The rest of the buffeis the distance fronz; in the growth direction. Accordingly,
layer is treated as a bulk material. There only the Poissothe positive sign on the left side holds for N-face material
equation is solved with the expression and the negative one for Ga-face material, accounting for the
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growth direction functions(c) for a Ga-face grown SQW witlk=0.1 and a
< o410 50-nm cap layer are displayed in Fig. 1.
T 008 L In the case of weak and symmetric segregatidn; (
£ 006f =L¢,<d), the polarization field remains nearly unchanged
e 0.04 | [dotted and short-dashed lines in Figc)lare parallel inside
E! g-gg N the QW], and the transition energies are only slightly
£ ’ L changed. A small blueshift as well as redshift can occur,
g 2x1020 [ depending on the specific set of parameters. Electron and
S o hole wave functions are somewhat shifted in the growth di-
£ | rection, but the overlap is hardly modified.
§ 0 A clear blueshift is obtained with increasingg,. It
o - reaches about 30, 60, and 100 meV for compositigns
g 1x1020 =0.05, 0.1, and 0.2, respectively, in case of the largest seg-
2_2)(1020 I regation lengthLg,=2 nm. This segregation-induced correc-
% . tion compensates for up to one-third of the corresponding
5 100 quantum-confined Stark shift of 90, 210, and 470 meV,
g 0.75 [ respectively, for the rectangular QW withNy=5
T X 10" cm™3. Two combined effects contribute to this be-
050 B havior. First, the material gap within the QW increases be-
ey cause the indium profile becomes not only broader but also
0.25 flatter in order to conserve the total amount of incorporated
=~ - indium. Second, the flattening of the profile is accompanied
< 000 by a reduction of the strain. Hence the amount of polariza-
2 - tion charges at the interfaces drops down. This effect is
g 250 clearly observable in Fig.(h) as a reduction of the ampli-
275 tude of the charge-density profile at the inverted interface. As
R . . a consequence, the field strength in the QW decreases, re-
i ducing the quantum-confined Stark shift.
! For ideal interfaces, a reduced polarization field would
c Y- J) SR I SRR N IR B RS VSN SV SR S also raise the electron-hole overlap. Conversely, segregation

45 46 47 48 49 50 51 52 53 54 55 56 57 58

o) results in a significant reduction of the overlap down to ap-
Z{nm

proximately a factor 0.2 fox=0.2. Although the spatial ex-
FIG. 1. (3 Indium profile, (b) polarization charge densityc) tensions of the Sl_Jbband functions increase in t_he present
self-consistently calculated band-edge alignments, and subbarffS€: the overlap is reduced due to a counteracting increase
functions of a Ga-face grown 3-nmliGa, N/GaN SQW with a  Of the separation between electrons and holes. Because of the
background donor density &f,=5x 107 cm™2, and a 50-nm cap asymmetry of the segregation lengths at the two interfaces,
layer for different indium segregation profiles. The segregationthe shift of the electron wave function toward the surface is
length at the inverted interface is 0.5 nm, and that at the normalarger than the shift of the hole wave functisee Fig. 1c)].
interface is varied as indicated in the legend. Concluding so far, the optical transitions are blueshifted
with increasing indium surface segregation in the considered
3-nm-wide SQW'’s. This blueshift compensates for up to
one-third of the redshift from the quantum-confined Stark
effect. It is accompanied by a further reduction of the oscil-
) . o lator strength due to the asymmetry of the segregation
Therells experimental |nd|cat|o_n for an asymmetry of theIengths. In Sec. IV, we consider different positions of SQW
segregation length at the two interfaces with respect tQnq MQW structures. To keep the efforts limited, the further
growth direction® For arsenides, this is confirmed experi- calculations are carried out with a fixed choice bf;
mentally in several different way$”***and can be ex- —0.5 nm for the inverted antl;,=1 nm for the normal in-
plained by a local equilibrium model for the growth terface, representing a lower limit for the segregation.
process? In general, the segregation length of the more
weakly bound 1ll component in ternary IlI-V compounds is
known to be a function of growth parameters like the 1lI-V IV. POLARIZATION CHARGE SCREENING

ratio and the substrate temperat&e’* Since no values for  The electric field generated by the polarization charges
Lsi andLs, for (In,GaN/GaN heterostructures are available , | | is modified by fields caused by mobile carriers and dop-
from experiment, we tried to make a reasonable choiceant space charges according to Poisson equé@iprThere-
keepingLg; at 0.5 nm and varying s, from 0.5 nm to 2 nm  fore, the optical properties of a QW do not only depend on
[see Fig. 18)]. The integral indium content was kept fixed. its local composition but also on the global distribution of
The calculation was executed fodas 3 nm SQW, scanning polarization and screening charges. In this section, we study
the whole range of parameters given in Sec. Il. As an exthe screening situation for different types of heterostructures.
ample, indium profilesa), polarization charge densiti€b), Because group-IIl nitrides tend to exhilsittype conductiv-
self-consistently calculated band edge profiles and subbarity, we focus on this case.

different orientations of the axis. The parametex, is used
to set the mean indium conteftl 6 x(z; + 8)/d to the desired
value.
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[0001] 2E.ceq
g
W=\ ———, 14)
=\ NG (

are indicated by arrows in Fig. 2. It can be seen that formula
(14) gives a good approximation of the fully self-consistent

E calculation. The electric-field strength=—(d/9z) ¢ in the
5 I rreioieaieanel. s - E. surface depletion layer decreases approximately linearly with
2 Z to zero:
S.
eNp
F(2)=— 4 (Ws=2). (15

The corresponding sheet charge density of the inversion

"0 10 20 30 40 50 60( 70) 80 90 980 990 1000 layer at the Ga face is given by
z (hm
Tiny=Psp— V2EgNpeey,. (16)

FIG. 2. Band-edge alignment along theaxis of a bare GaN
layer for several background donor densities. The Ga face is at tha|l these estimates hold as long ag remains smaller than
origin of the abscissa, and has a negative polarization charge; the ffe slab thicknesP and the space chargNyWw; is smaller
face at _thg opposite side has a positivg polarization charge. Théhan Psp. For realistic dopings and thicknesses, this is al-
arrows indicate the border of the depletion layer according to EqwayS the case, and the top and bottom of the slab are decou-
(14). pled by a field-free bulk layer. Therefore, the field situation

on top of the slab is independent of the substrate properties.
A. Homogeneous GaN slab In the less realistic limit of a vanishing doping density, the

It is useful to start with the most Simp|e case, a |ayer ofsurface depletion Iayer would fill the whole slab with a con-
homogeneous, unstrained GaN. Spontaneous polarizatigitant residual field==E,/eD. To summarize, a Ga-face-
here causes surface charge densities of aboiD3 C/nf. grown n-type sample will exhibit a combined hole inversion
Without screening, these charges would cause a voltage dr@d depletion layer at the surface, whereas the polarization
across a Jum-thick layer as large as 350 V. However, it is charges on top of a N-face-grown sample are screened by an
well known that screening by mobile carriers reduces thiselectron accumulation layer.
voltage down to approximately the gap voltagg/e. The Fermi-level pinning by gap states at the surface may
self-consistently calculated band-edge alignments, displaye@odify the situation. In this case positively charged surface
in Fig. 2, show this behavior for all considered doping con-states take over the role of the inversion laygg,has to be
centrations. Three different types of screening charges ageplaced in the above considerations by-Er at the sur-
pear. face, and the space-charge region becomes accordingly thin-

(a) Close to the N face, the conduction band falls belowner. However, Fermi-level pinning requires that the density
the Fermi level. This is the signature of an electron accumuof these surface states is larger than the high number density
lation layer shielding the positive polarization charge. Be-Of polarization charges of approximately ‘#@m™2. De-
yond this layer, which is only few nm wide, the field strength Pending on the preparation of the samples, this may be the
is practically zero. case, but there are not many investigations on this up to

(b) The valence-band edge lies above the Fermi level jugﬂovy.38 Therefore, we do not consider this effect in the fol-
at the Ga face. For the considenedype material, this indi- lowing.
cates an inversion layer. This layer is thinner than the elec-
tron accumulation layer at the N face due to the larger den- B. Single quantum well
sity of states in the valence band.

(c) The inversion layer screens the surface polarizatior}1
charge not completely. The residual field drops to zero due t
the space charge of the ionized impurities within an extende%
surface depletion layer.

Useful analytical approximations of some quantities ca
be found from device physitswhen neglecting the finite
V.Vidth of the inversion layer and c_onsider_ing that the CondL.JC'Fig. 3. In the following, the differences between these four
tion band edge of tha-type GaN is practically at the Fermi tries are discussed in detalil
level E- . Then the band edges in the surface depletion Iayegeome '

F

vary quadratically: 1. N-face sample with thick cap

Now we consider a SQW witld=3 nm, embedded in
-type GaN. In Ga-face-grown samples, the depletion layer
an penetrate the QW and alter its properties. This is not the
ase in N-face-grown material. To investigate this effect, we
compare N- and Ga-face-grown samples with two different
ncap layer thicknesses in each case. The results of the calcu-
lations for the four geometries are summarizedxer0.1 in

2 The band profile of a N-face-grown QW with a 50-nm cap
£ 1) _ (13 layer in the high doping cagép=5Xx 108 cm 3 is given by
Ws the solid line at the right side of Fig(®. Within some nm
above the negatively charged interface of the QW, the
The corresponding values for the width of the surface depleeonduction-band edge lies above the Fermi level. The elec-
tion layer, trons from this depletion layer have been transferred to the

Eo(2)=Eg+E,
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4 0.75
ke growth direction 0.50 (c) growth direction
_______________ N 025 - FIG. 3. (& and (c) Self-
B3 000 [ 7 N & consistently calculated band-edge
025 < alignments of a Ga-face-growa)
< Teelll T S - density (cm3)
3 S~ Bosok | 10t and N-face-grown (c) 3-nm
? S ?_275 Ing 1Gay gN/GaN SQW'’s for vari-
5° s | donsiy o) e ous background donor densities
oo 5T -3.00
- 5 a5 and for 10- and 50-nm cap layers,
—— 5ot e ’ respectively. The axis is always
-3.50 . . .
. ) . oriented along the direction of the
L L . -3.75 - .
30 40 50 60 0 spontaneous polarization of re-
Z{nm) laxed GaN with the origin at the
e - 0% S 1* surface. The effect of indium sur-
sur - Jozs seart T ;’;’;f‘r'ggl;le;%éﬂap Joszs face segregation is include@ee
s se2r 4 —tom / s ser . Sec. Ill). The surface is at the ori-
A L = / 4 Q 2 L N . .
S a0 o g 0208 Z800F o o— o o— %02 gin of the abscissa(b) and (d)
g 298 4 Jo1s® 2298 d_=10nm Jos2 Transition energy and electron-
S o0 T — - 5 Sl Ov-e--es o ' = : :
§ T F o = sonm & § "-3740 1 7 hole overlap integral as functions
= - - _ = = L - [¢=3
2 2or / P R R N L I R 47/ O of a homogeneous background do-
s2er o Joos  =2%T /-“‘&'_l_s;mm\' 005 nor density.
290 200 o -
2.88 '(;_;7" e 0.00 2.88 "'1'6_'17 i """10_‘3 . 0.00
1 10
background donor density (cm3) background donor density (cm-3)

first electron subband in the QW, the band edge of which liegx 10 to 5x 108 cm™3. 40- and 150-meV blueshifts are
below the Fermi level. The voltage drop caused by the expptained for the alternative compositiors-0.05 and 0.2,
cess electrons in the QW and the space charges just comp&gspectively. The blueshift is accompanied by an increase of
sates for the voltage drop,xd of the bare piezoelectric the electron-hole overlafFig. 3(d)]. This is the anticipated
field Fy across the QW. As a consequence, the band edggsehavior, commonly attributed to the increased screening of
become horizontal and equal to the bulk values on both sidege polarization fields. Figure(® shows, however, that the
sufficiently far from the QW. As long as this holds, the QW yequction of the field is not sufficient for explaining the shift.
is not influenced by the surface, and hasntsinsic configu- |y addition, the band-edge alignment in the space-charge
ration. ) . layer of the barrier changes, which strongly increases the
It is useful to obtain analytical estimates for the relevantygle confinement energy. The combination of both effects is

we approximate the excess electrons in the lowest subbangeriap.

by a negative charge sheet located at the positive interface of

the QW, assume an abrupt space-charge layer of wigth ) )

and again apply standard device physic¥anishing fields 2. N-face sample with thin cap

sufficiently far from the QW requirer.=—eNpw for the For the 10-nm cap layer, the space-charge layer in the

sheet density of excess electrons. Furthermore, the voltadearrier is restricted by the electron accumulation layer at the

drop across all screening charges has to compensate for tearface for all doping concentrations investigated. The band

voltage dropF,xd of the bare polarization field across the profile of the cap layer and QW become independeritl of

QW. This yields and, hence, the transition energy and electron-hole overlap
do as well[see the left side of Fig.(8) and open circles in

(20, Fig. 3d)].
w=d Ny d (17)

for the width of the depletion layer, measured from the posi-
tively charged interface of the QW. The field in this layer In Ga-face samples, the band-edge profile of the QW is

3. Ga-face sample with thick cap

varies like superimposed by the field in the depletion layer beneath the
surface, so that the transition energy and electron-hole over-
eNp lap can be changed. Band profiles calculated for the sample

F(2)=- S_EO(ZiJFW_Z)“L Fp®qu(2), (18 with the 50-nm cap layer can be assigned to two cfses

the right side of Fig. @)]. For the highest doping, the sur-
wherez; is the position of the positively charged inverted face depletion layer is thinner than the cap and does not
interface of the QW. The functiof o(2) is a projector to influence the QW, which remains in its intrinsic configura-
the well. It is equal to unity inside the QW, and vanishestion, as already discussed above. The small difference in
outside. transition energy to the corresponding N-face case is caused
The transition energied=ig. 3(d)] exhibit a blueshift by by the asymmetry of the segregation profile. In the case of
about 80 meV when increasing the donor concentration fronthe two smaller doping concentrations, the QW is located
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within the surface depletion layer, and the band edges ar¢ 325
sufficiently far from the Fermi level so that the QW is not 324 "

filled with carriers. The total potentials in the latter case are  ,,.[ \ "
the superpositions of the respective QW poteriiatiuding S \-/'
the potential of the polarization chargeand the potential of % sezr
the surface depletion layer, given by E3). The resulting 2 3211 - -
net field inside the space-charge layer is approximately giver% 320 [ \ E/D
by S 319t —
Fo-- 2 F0ua. a9 B
z)=———(Wg—2)+ z). @
€&o ° Prw = 8arr —=n— with segregation
The depletion width increased to 316} O ideal QW
3 eF d 3.15 10—‘16 10117 10118 10119
We=wWg\/ 1+ —" (20) N, (cm3)
By
to keep the total potential drop at the GaN gap voltEgée. FIG. 4. Transition energy of a Ga-face-grown 3-nm

INg 0=Ga oN/GaN SQW with a 50-nm cap layer in dependence on a
homogeneous background donor density with and without the con-
sideration of indium surface segregation.

Herew; is the width of the surface depletion layer without a
QW, given by Eq.(14).

Now we discuss the behavior of the total polarization field
inside the QW when increasing the background doping denwith Eq. (19). A highly blueshifted transition could be ex-
sity Np . The surface depletion contribution Eo(first term)  pected. However, due to the segregated indium profile and
has a sign opposite to that of the polarization contributionthe strong field in the depletion layer, the hole barrier is
thus reducing the transition redshift by counteracting theeduced to an extremely small value, and captured carriers
quantum-confined Stark effect. It vanishes for zero dopingwill escape very quickly. If the characteristic escape time is
density, yielding the maximum field strengf,, and in-  much smaller than the radiative lifetime, no radiative emis-
creases like~Np as long as the widthv, of the surface sion from this QW can be expected. Therefore, no transition
depletion layer remains much larger than the thickness of thenergies and overlap integrals are plotted for high doping
cap. The corresponding blueshift of the transition energies ignd a small cap width.
depicted in Fig. 8). With a further increase oNp, the ~ Second, for weakest doping, the valence-band maximum
depletion contribution reaches a maximum fog=2d.,,, " the QW approaches the Fermi level, so that the hole
resulting in a saturation of the blueshift. Beyond this valugdround state becomes occupied, forming a further inversion
the depletion contribution decreases and vanishes again f&ﬁyer. Th? formgr surfacethpIetflon "Zyerl |s.nov|v shifted into
\7vs—>dcap, leaving behind the QW in its intrinsic configura- the sample, and a new thin surface depletion layer appears.

tion. However, a possibly related transition redshift does noFecause of the relatively large density of states in the va-
‘ »ap y . . . “lence band, the band profile in the QW and the cap layer is
occur. The dominant effect of the increasing hole confine-

. ) nearly fixed by the requirement that the hole level is close to
ment energy regultm_g from the steeper bgnd edge allgnme%e Fermi energy. Thus the transition energy and electron-
in the lower barrier yields a further blueshift of the transition hole overlap remz;\in nearly unchanged with increasi
energy, seen in F'g-(.ﬁ)_- In addition, the screening effect until the occupation of the hole subband becomes negligible.
from the_ successive filling .Of f[he electron groun_dstate Sub- The blueshifted transition energies and larger overlaps
band with electrons from ionized donors contributes to 4with respect to the thicker cap layer are consequences of the

blueshift. . o . .
Although the screening mechanisms are different, the tofleld distribution in the surface depletion layer. The thinner

4 . . . 6 the cap layer, the higher is the depletion field and the more
al blugshlffso.btalned vyhen Increasiid, from.5><101 o pronounced the counteraction of the quantum-confined Stark
5x10%cm 3is approxma_ttely equal to the shift observed in effect. Summarizing the case of a SQWrirtype GaN, we
case of the N-face QW with a 50-nm cé0 and 150 meV | ue "t ind the following four qualitatively different situa-
for x=0.1 and 0.2, respectivelyln the case of a Ga-face- tions
grown QW withx=0.05 _and 350'””? cap I_ayer, the mterpl_ay (1) Intrinsic configuration of the QWSufficiently far
of the different screening mechanisms indeed results in fo

tonic behavior of the t i ith i m the surfaces, the polarization charges induce a thin elec-
honmonotonic benavior of the transition énergy With INCréasy,, , 4ccymulation layer at one interface in the QW and a
ing Np , displayed in Fig. 4. For a QW with a smaller indium

rather thick space-charge region extending into the opposite

cpncentration, the filling of the elegtron subband appears Harrier. with increasindp , the anticipated blueshift occurs.
higher Np due to the weaker confinement and the smaller (2) QW close to a N-terminated surfache band profile

unscreened field. and transition energy are independent\f.
(3) QW in the surface depletion layethe transition en-
ergy is modified by the local electric field in the depletion
The band profiles of a Ga-face sample with a 10-nm cagayer and depends strongly on position and doping level.
layer [left part of Fig. 3a)] show some new effects with (4) QW close to a Ga-terminated surfade: case of low
respect to the thick cap case. First, the net field in the QWioping concentrations, the band profile and transition energy
vanishes for the highest donor concentration, in accordancere fixed by the occupation of the hole level in the QW. In

4. Ga-face sample with thin cap
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growth direction of Sec. lll, and demanding periodicity of the electrostatic
potential, the electric-field profile within one period now be-
comes

OB N =510t6ems

eNp
F(z)=- 8—%(zi+L—z)+Fp®QW(z)+FO. (21

energy (eV)

Here z; again denotes the position of the positively charged
inverted interface of the respective QWq(2) is again the
VAN ANEANG domain function vanishing outside and is unity inside a QW,
Wl v andL=dgw+d, is the MQW period. The additional term
oo B e (n7n‘;) 80 %0 100 110 120 130 Fo=eNpL/2se¢—Fpd/L is the residual field strength at the
borderz=z+L to the adjacent QW. This field profile be-
FIG. 5. Self-consistently calculated band-edge alignment of Gacomes independent of the doping for donor concentrations
face-grown 3-nmwell)/8-nm (barriep Iny ;Ga N/GaN 10MQW's  below op/el. Since the latter quantity is as high as
for various background donor densities. The surface is at the origii0'® cm ™3, the field profile of an undoped MQW is reached
of the abscissa. The effect of indium surface segregation is considor donor concentrations of #®cm~2 and below.
ered(see Sec. Il An unexpected band profile is obtained in the low doping
case,Np=5x10'® cm 3. The valence-band-edge maxima
of all QW’s come close to the Fermi level, so that they are
slightly populated with holes. This is the configuration of a
MQW in p-type material. A closer inspection of the calcu-
lated charge and potential distributions shofisthat the
hole occupation in the QW'’s builds up at the expense of the
surface inversion laye(ji) that the occupation of the QW's
is not strictly uniform but has maxima in the first and last
QW; and (iii) that the depletion layer is shifted into the
In MQW structures, different QWs may experience dif- sample, now emerging beneath the deepest QW and having a
ferent electric-field situations. In case of a Ga-face-grownyigth wy given by Eq.(14).
MQW stack, the upper QW's reside within the surface deple-  Finally, to obtain a measure of how the distribution of
tion layer, whereas the lower QW’s may already be belowgptical transition energies and optical matrix elements affects
this region. This gives rise to a set of transition energies, ang transition spectrum, we added the transitions of all contrib-
an extra inhomogeneous broadening of the optical transitionting QW's in the form of phenomenologically broadened
feature. We discuss the self-consistent band profiles of a sgsaussian curves, each positioned at the respective transition
ries of Ga-face-grown MQW stacks with different numbersenergy and equally weighed. In-plane inhomogeneities like
of QW’s, donor concentrations, and compositions. The welompositional fluctuation and interface roughness are con-
width is d=3 nm, the barriers and the cap layer atg¢  sidered only implicitly by assuming a finitedependent line-
=dcap=8 nm wide. width for each transitiorf50 meV forx=0.05, 80 meV for
Figure 5 shows the result for a ten-period structure withy—0.1, and 100 meVv fox=0.2), accounting for the ten-
x=0.1. In the case of medium and high dopifdp=5  dency of larger linewidth in case of higher indium cont&ht.
X 10" and 5<10'® cm™®, respectively, the situation is as  |n Fig. 6, we see an additional broadening of the MQW
expected. The band profile in the depletion layer is approXitransition spectra compared to the SQW transition, sensi-
mately given by the superposition of the potential of thetively depending on the screening situation and the indium
MQW and the space-charge potential. The resulting fielttontent. Especially for an indium concentration >o£0.1
strengthF (z) and the widthw, of the depletion layer are still and a doping density dfi;=5x 10" cm™23, when the width
well described by Eqg19) and(20) when the total width of of the depletion layer is in the same range like the thickness
all depleted QW's is used fat. Below the depletion layer, of the MQW, this broadening effect is strong and can also
the band profiles of the QW's are periodic. The interplay oflead to a deformation or even splitting of the spectrum. High-
segregation and a strong field in the surface depletion layegnergy features always stem from the last grown QW's di-
hinders the uppermost QW from confining carriésse the rectly under the sample surface. According to Bd), there
solid lines in Fig. 5. is the strongest depletion field, resulting in the strongest
For very high doping, the profile of every period of this blueshift of the transition via counteracting the quantum-
stack is equal to the intrinsic configuration of a SQW, dis-confined Stark shift. The relative heights of a multipeak
cussed in Sec. lll, and the fields of neighboring QW's arespectrum, as well as the details of an emission line shape,
decoupled and given by Ed18). Decreasing the doping depend sensitively on the relative contributions of each QW.
level, we arrive at a situation where the available spac@hese are in turn results of the mechanisms of absorption,
charge is limited by the MQW period, and the screening ofrelaxation, diffusion, transfer between the QW'’s, and radia-
the polarization field in the QW's is reduced in comparisontive and nonradiative recombination, which are beyond the
with a SQW. Again using the approximations and notationsscope of this paper.

the case of high dopingNp>5x10 cm™3) and low in-
dium concentration<0.1), carrier localization may be ab-
sent as a result of segregated interfaces and a high field in t
surface depletion layer.

C. Multiple quantum well
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FIG. 6. Optical transition spectra of Ga-face-grown 3-twell)/8-nm (barriep In,Ga,_,N/GaN SQW'’s, 5MQW'’s, and 10MQW's for
various indium contents and background donor densitillg, . The effect of indium surface segregation is considéseg Sec. I)). In the
case of a SQW, no line is drawn if carrier confinement cannot be expected due to a strong field in the depletion layer and low tunneling
barriers. Forx=0.2, all QW's contribute to the spectrum. For 0.1, the last grown QW of the 5MQW and 10MQW does not contribute
if the background densitj,=5x 10 cm™ 3. In the case ok=0.05, the same holds for the last two grown QW'’s, except for the 10MQW
atNp=5x 107 cm™3, where only seven QW’s contribute to the spectrum. Independent of the number of QW’s contributing to the spectrum,
the total intensities are normalized.

V. SUMMARY layers. Therefore, the position of the QW in the sample with
We self-consistently calculated the band-edge alignmentreSpect to an extended depletion layer—which was shown to

! . : xist in Ga-face-grown material witm-type doping—
of (In.GgN/GaN SQW's and MQW's in an effective-mass severely affects transition energy and electron-hole overlap.

model.. On th|§ b§13|s, the influence Of polarlzatlo'n' chargel.he interplay of the screening effects can even result in a
screening and indium surface segregation on transition ener-

) . . . onmonotonic shift of the emission energy with increasing
gies and electron-hole overlap integrals were mvestlgatecg

. . i . ackground donor density.
We varied the background doping density, the thickness o . o )
the cap layer, the number of QW’s, the indium content, and An optical transition spectrum of a Ga-face grown MQW

the polarity of the structure can display shoulders or even a multipeak structure, depend-
Indium segregation was shown to result in a blueshift of "9 sensitively on the background doping density and on the

the emission energy compensating for up to one-third of th magnitude of inhomogeneous in-plane broadening. This ef-

respective quantum-confined Stark shift. This blueshift is ac‘fect Is due to the spatial variation of the field strength in the

) surface depletion layer in Ga-face grown structures with
companied by a decrease of the electron-hole overlap co =~ tvoe dobin
pared to a rectangular indium profile, with the same integra yp pIng.
indium content due to the asymmetry of the segregation ACKNOWLEDGMENTS
lengths at the interfaces.
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