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Abstract : The optical analysis of the lossless and lossy distributed Bragg reflector ( DBR) structure using the trans-
fer matrix method was reported. For DBR structures with different configurations of HL., HLH, LH and LHL, the op-
tical field distributions were gained from the simulation. The theoretical analysis showed that the level of optical field
amplitude within HL and HLH structure was much lower than other structures. For the extinction coefficient of 0. 01,
the energy absorption in HL. and HLH DBR structures was only 10% of the one within LH and LHL structures. Due
to the optical absorption, the reflectivity at the central wavelength of HL and HLH DBR structures decreased by
3.6% , comparing with 29.2% for LH and LHL structures. Thus, the reflectivity of DBR could be increased if the
high index layer was used as the first layer, and the optical absorption could be decreased by this method. At last,

the lossy DBR consisted of Al ,Ga, ¢ As/Al, ,Ga, ; As was grown and its reflectivity was measured.
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1 Introduction

Multilayer structure of alternating quarter-wave
layers of high and low refractive index known as dis-
tributed Bragg reflector (DBR) is usually made of
dielectric or semiconductor material. DBRs possess-
ing good reflecting characteristics have been widely
applied in semiconductor optoelectronic devices such
as vertical cavity surface emitting lasers ( VC-
SELs )''?) | resonant cavity light emitting diodes
(RCLEDs )" and resonant cavity enhanced photo-
detectors (RCEPDs) ). DBR with high reflectance
and low optical absorption is needed to provide an
efficient operation in these devices”'. High reflec-
tance of DBR mirror is normally attained at great
number of layers, while absorption loss in the layers
diminishes their reflec-

of multilayer mirrors

6-7
tance- ] .

Thus it is important to reveal optimal
structure of the DBR wia correcting computer model-
ing before costly fabrication process.

Mathematical methods such as the coupled
mode theory (CMT) " | the finite difference time do-
main method ( FDTDM )", and transfer matrix
method (TMM) """ ezc have been applied in prac-
tical design of DBR in different devices in the past
few decades. Influences of low absorption loss in
layers of DBR on its reflective properties had been
analyzed and DBR with high reflectance and low loss
was got by using a high refractive index as the first

12]

layer''>). This conclusion was explained by the dif-

ferent penetration depth of light in the structure. H.

V. Baghdasaryan'"’

investigated the relation between
lossy characteristics in the DBR and optical fields by
the method of single expression. However, the phys-
ical mechanism of above conclusion would be more
clearly if the optical field distribution within DBRs
was analyzed.

In this paper, the optical field distribution was
deduced by transfer matrix method, which is well
known for its peculiarities of high accuracy and easy
understanding. The physical mechanism of loss im-
pact on DBR reflectance was clarified through the
detailed analysis of optical field and power flow den-

sity distribution within different DBR structures.

Applications of different DBRs for corresponding
semiconductor optoelectronic  devices were also

discussed.

2  Modeling and Experiment

Detailed description of the TMM had been pres-
ented in Ref. 10 and 11. And the main principle of
TMM was shown in Fig. 1.
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Fig.1 DBR structure consisting of alternating quarter-wave

layers for the analysis using transfer matrix method

As shown in Fig. 1, the DBR structure consis-
ted of alternating quarter wave layers. Optical thick-
nesses of every layer was a quarter of wavelength,
that is to say, A =4n,d, =4n,d,, and A was the
central wavelength, n and d were the refractive in-
dex and thickness of materials. The normal inci-
dence of linearly polarized plane electromagnetic
wave on the DBR structure was considered.

When the electromagnetic wave came from in-
terface (a) to (b), the following transfer matrix

could be obtained :

[ﬁz[c%&

isin51/nl}[1 ]’ ()

in,siné, cos0, n,
27N,
Here the phase changes 8, = 3 cos, + d, for s
a8, =™ g N, =
waves and 0, = heost), , for p waves. N, =n, —

ik, was the refractive index of the first layer, and £,
was known as the extinction coefficient. We defined
relations Y = C/B. And the intensity coefficients of
reflection and transmission could be expressed as:
R = (nO—Yj. (nO—Y)*’ (2)
n, +7Y n, +7Y

4nyn

T:<%B+cx;é+®*' 3)

The sign of n, and n

indicated the refractive

sub

index of the medium from which the optical wave
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came and the medium to which the optical wave went
out. For the structure consisting of m layers, the
transfer matrix could be expressed in the form of

multiplication

()

By setting the amplitude of optical field in the

c0s9; isin5}-/nj1[1 ] ()

cosb‘j n

/UI [injsinfsj wh
incident medium at fixed amplitude | E, | =1, the
optical field distribution within the DBR could be
deduced. The power loss of the wave absorbed in

any 1D structure was proportional to the optical field

component’s intensity | E. |, the frequency @ cor-
responding to the incident wavelength, the permittiv-
ity of air g, the imaginary part of the permittivity &”
and the length of the structure L. The power loss

could be described''*’ .

P (5)

loss

L
= we,[&"(2) | E. | dz,
0

Where &” could be related to the extinction coeffi-
cient k from equations;

e=¢ +ie" =N = (n+ik)> (6)

At last, the sample of Al, ,Ga, As/Al, ,Ga, , As
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n

distributed Bragg reflector( DBR) mirrors was grown
on GaAs substrate without any growth interruptions
or purging sequences at the interfaces. The designed
central wavelength of DBR structure was 980 nm.
Scanning electron microscope (SEM) and reflectivi-
ty spectrum tests were carried out to confirm the de-

sign principle.
3 Results and Discussion

3.1 Lossless DBRs at Central Wavelength

DBR structure with central wavelength at A =
800 nm had the condition A/4 = nydy; = n.d,.
Here, n,; =3.565 9 and n;, =3.085 4 were chosen
as the high and low refractive index of the alternating
layers, d,; and d, were the layers’ thickness. Loss-
less DBRs meant that the extinction coefficient of
material equaled zero (£ =0), thus none optical
loss existed in this structure. In Fig. 2, four types of
DBR structures with even and odd number of layers
were considered. The even number of layers in Fig.
2(a) and Fig. 2(c) consisted of 15 pairs of high
and low index layers, while the Fig. 2 (a) started
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Fig.2 Refractive index profiles of different DBR structures composed of bilayers; Even number of layers starting by n, (a) and

odd number of layers starting and ending by n, (b) ; Even number of layers starting by n, (¢) and odd number of layers

starting and ending by n, (d).
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from the layer of high refractive index, and the Fig.
2 (c¢) started from the low refractive index. Adding
the first layer of Fig. 2 (a) and Fig. 2 (c) to the
end, we got the structure of Fig. 2 (b) and Fig. 2
(d). These four types of DBR structure were called
having the form of HL, HLH, LH, and LHL, re-
spectively. In these structures, the refractive index
of incident medium and output medium were 1 and
2.9, respectively.

In Fig. 3, the distributions of optical field am-
plitude of four types of DBR structures ( presented in
Fig. 2) were shown at fixed amplitude of the optical
field in the incident medium (E, =1 a.u.). Of

course, the value of amplitude could be taken as ar-

bitrary one.
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For each DBR structure, the standing wave pat-
tern was formed as a result of superposition of inci-
dent and reflected waves, as shown in Fig. 3. But
the distribution of optical field within DBR was dif-
ferent from each other. In structures of HL and
HLH, it started from the layer of high refractive in-
dex, the left boundary of the first layer was located
at the node of optical field amplitude, while in struc-
tures LH and LHL, this boundary was located at the
antinode of the field amplitude. As a result, in these
structures, the high intensity incident field at the left
boundary of the first layer could cause damage of a
mirror in structures LH and LHL. For high power
diode lasers using DBR as the reflective film of cavi-

ty, we should consider this.
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Fig. 3 Optical field amplitude distribution in DBRs structures of (a) ~ (d), corresponding to structures of HL., HLH, LH and

LHL. The amplitude of optical field in the incident medium is fixed: E, =1.

In all considered structures, amplitude of opti-
cal field decayed starting from the interface between
the incident medium and the first layer towards the
end of the structure, but non-monotonicity for all the
structures was observed (even for Fig. 3 (a) and
Fig. 3(b) if they were enlarged). This was different
from the result of Ref. 13 in which only the charac-
teristic of non-monotonicity was observed in struc-

tures of HL. and LHL, and this phenomenon was not

explained either. Optical interference would be the
main reason for the optical characteristics of DBR
because of the coherence of the DBR layers with the
same optical thickness between two adjacent inter-
faces. Optical field would have a constructive inter-
ference if the difference of optical path of two optical
waves was the integral multiple of the wavelength,
while the destructive interference would appear when

the difference of optical path was the odd times of



188 K ot

¥Rk #3465

the half wavelength. The constructive and destruc-
tive interference influenced the distribution of optical
field within the DBR simultaneously. On the illumi-
nated side of the structures (in the incident medi-
um) , the interface realized the maximum construc-
tive interference. When the position moved towards
the end of the structure, the reflectance of the right
part would decrease gradually because of the less
number of layers of DBR. The constructive interfer-
ence would also become weaker, and the destructive
interference played more important role in influen-
cing the optical field. For these reasons, the ampli-
tude of optical wave would decrease with the increas-
ing position. But at the last few layers, the destruc-
tive interference became weaker due to the smaller
number of layers which could generate the destruc-
tive interference, thus, the amplitude of optical
wave increased at the end of these structures.

The envelopes of optical field amplitude in Fig.
3(a) and 3(b) within the DBR were obviously lower
than that in Fig.3(c¢) and 3(d). Thus, the value of
first layer’s refractive index determined the value of
optical field within the structure. With the layer of

lower index as the first layer, optical field transmit-
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ted deeper than the structure with the first layer of
high refractive index. This conclusion corresponded
to the analysis from Ref. 12 and 15 in which the trans-
mitting depth was calculated for different structures.
3.2 Optical Characteristics of Lossy DBRs

DBR structures used in semiconductor devices
always consisted of semiconductor materials, in
which the optical absorption existed. It was thus fa-
vorable to analyze the influence of loss on optical
characteristics of different types of DBR structures.
Some preliminary results were already got using MSE
method in Ref. 13. Here the TMM method was used
to carry out the analysis of the optical absorption in-
fluence on DBR distribution of optical field and
spectrum of reflectance. Analysis started from the
assumption that the extinction coefficient & equaled
0.01 for materials of both high refractive index and
low refractive index.

To make a deeper investigation of the loss influ-
ence on reflective property of DBRs, it was useful to
present distributions of the optical field amplitude
and the absorption of power flow density P, from
Eq. 5 in the considered lossy DBR structures. Corre-
sponding distributions of optical field at £ =0.01
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Fig.4 Optical field amplitude distribution in lossy DBRs structures of (a) ~ (d). The amplitude of optical field in the incident

medium is fixed: E.

inc

=1, and the extinction coefficient k¥ =0.01.
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were presented in Fig. 4. Amplitude of optical field
in Fig. 4 was a little lower than in Fig. 3 caused by
the optical absorption. However, the non-monotonic
characteristics of optical field for all the structures
still existed. And the locations of the node and anti-
node of optical field amplitude in Fig. 4 were the
same as that in Fig. 3. Thus the optical absorption
had no influence on the distribution of optical field,
but it had much influence on the distribution of opti-
cal intensity.

The optical loss characterized by %(equals

0
L

&"(z) | E. | *dz from Eq. 5) was shown in Fig. 5.
0
In all structures, stepwise increase of optical loss

was observed, which was caused by the oscillating
character of optical field amplitude along the struc-
tures. It was clearly shown that the structures of LH
and LHL had a more rapid increasing of optical loss
than the structures of HL. and HLH. The total optical
loss within LH and LHL DBR was about 10 times
than that in HL. and HLH DBR structure. This could
be explained by the distribution of optical field

amplitude in different structures. In the structure of
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LH and LHL, the envelopes of optical field ampli-
tude were relatively high, thus, it induced high opti-
cal loss. Structures of HL and HLH would suffer
lower loss because of the lower envelopes of optical

amplitude within DBRs.
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Fig. 5  Absorption of energy flow density within different

structures

The spectral characteristics of structures in Fig.
2 with and without optical loss were calculated by
the TMM and presented in Fig. 6. The presence of
loss brought the general decrease in reflectance within
the wavelength band. In the structures with higher
envelope of internal optical field amplitude, the in-
fluence of loss was stronger. For structures of LH

and LHL, the presence of loss brought a relatively
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Fig. 6 Reflectivity spectra with and without loss in the layers of four different structures corresponding to HL. (a), HLH (b),

LH (c¢), and LHL (d).
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high decrease in the reflectance within the main
wavelength band, and the reflectance decreased by
29.2% at the central wavelength (Fig. 6 (¢) and
6(d)). For structures of HL and HLH, the de-
crease in the reflectance was not so high (Fig. 6(a)
and 6 (b)), and the reflectance decreased only by
3.6% at the central wavelength. Large decrease of
the reflectance at the central wavelength of structures
LH and LHL was explained by strong impact of loss
on central wavelength for these structures.
3.3 Growth and Measurements of Lossy DBR
Structure

The DBR structure of 23 pairs of Al ,,Ga, & As/

Al, Ga, | As layers was grown by MOCVD, and the
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Fig.7 Scanning electron microscope test result (a) and re-
flectivity spectra (b) of grown DBR structure, cen-

tral wavelength was 980 nm as expected.
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