CHAPTER 3
Structure design

3.1 Introduction

In this chapter, the theory of semiconductor heterojunction which has been
mentioned in the previous chapter wil be re-discussed in term of bandgap
engineering. According to this concept, two types of staircase bandgap photodiode
will be designed with difference tailored staircase bandgap in active region. The
generation rate and the spectral response are then calculated and discussed
comparing to the one of constant bandgap to optimize the designed structure.

3.2 Bandgap engineering \\! d/
Refer to the section prevnous chapter, we can clearly
define the term “bond ineerin is the method of tailoring

semiconductor band strt for |red properties unattainable in
homostructures. [24] The mple that can be done by
engineering the bandgap e chemical composition of the

applied to the GaixAlkAs Jte ures @s shown in Fig. 3.1. The gradient of

the band edge can Prod -so-cal Juasi: tric field"” in a non-uniform
semiconductor, the gradi ‘ Snducti ‘€dge need not to be the same
as that of the valenceBand edge. Therefore si-electric field which acts upon

electrons can be differe € quasiFcelectric fi | that acts upon holes, leading
form semiconductor. [15]

se bandgap structure into the
> fie specially in active region. For the
then separated without any external
\voltaic effect (2) the built-in quasi-
nce bapd edge can be separately
adjusted — low noise lanchie Photo Diode: APD). To
support this idea, thergfore we g Phototodiode: the constant
bandgap structure (refei 5 > ty bandgap structure and the type
B staircase bandgap cture as g. 3.2. By using the spectral response
simulation, the optimal thlckness of GaosAlosAs (P*) and GaAs (n) layer in the
reference sfru%e will heteafter be detérmined. These thicknesses will also be

applied to oth %mfﬁ;ﬁ%ﬁﬁﬁ{rﬁ r with its properties: (1)
spectral response!s ti ul nd (3) band diagram,

will report in the Aext sections.
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Fig. 3.1 Band diagram of the GaixAlxAs/GaAs heterostructure according to
the bandgap engineering concept
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bgsed upon the operation of PIN
_ p{her by using Matlab program. The
incident light power is ass .5 x 105 Watt at all wavelengths.
Moreover, the thermal i iin‘the de Ie ion region is negligible and also

Firstly, we focus on fi __ " hickness of GaAs (n-) active layer by
varying its thickness from 0. m- btain' the suitable spectral response from

spectral response of he-con: ruc’rure in Fig. 3.3, should
actually rise up from th wclvelengfh of ne But'it is not the case. For the
reason that the GGO-ég‘uAS layer is not t - ugh cé) absorb all of the optical
power at this wavelen even though the cbsorphon efficient of this layer is high
(see also in equation 2.53). &erefore some, photons can pass to the active region
and contribute etween ~644 to ~870
nm, the 'rhlckerﬁrwmmg}wgtﬂgarﬂ ? power is absorbed.
Anyway, the cuioff wavelengths of all different active layer thicknesses are
approximately 870 nm, which is corresponding to the theoretical spectral response of

R TR T e = o=

Next we pay attention to suppress the optical current originated from the
photons with energy larger than that of window layer bandgap ( Es 1240 V) and can
644nm
penetrate to active layer, as mention in the previous paragraph. By varying the
window layer thickness from 0.5 to 2.0 um, the contribution of drift current in this range
considerably decreases but become less and less when the window layer thickness is
more than 2 um. This layer thickness is therefore chosen for our application.
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GaAs 1425 870.175
GageAlsAs | 1.550 800.155
GageAlgAs | 1674 740.564
GagsAlgsAs | 1799 689.234
GagehloAs | 1.924 644.558

Table 3.1 Bandgap energy and cutoff wavelength of GaAs and GaixAlxAs
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The parameters for constructing the band diagram according to Anderson'’s
Model are shown in table 3.2. They are based upon the LPE's background carrier
concentration Np of 105 cm and the density of acceptor impurity atoms (Na) is set
at 107 cm-3 for GaixAlkAs and 108 cm-3 for GaAs. From these parameter values, three
groups of structure have been designed: (1) constant bandgap structure (reference)
(2) type A staircase bandgap structure and (3) type B staircase bandgap structure.
Each structure will be discussed in the following sub-section.

(;(e

p* GaAs 1425 407 | 2108 1 0 0.69% 0.016 13.180 5.479
n* GaAs 1.425 407 | 2.10€+ E+18 0.696 1.409 13.180 4.086
n GaAs 1.425 4 2106406 +15 [ 0518 1.230 13.180 4.265
" 0.1 1.550 3 o5 00 | |\1100E+15% 0 575 1.350 12.868 4159
é‘ 0.2 1.674 .85 : é}m . ﬁi\“kl.bqeus 0.635 1.472 12.556 4.052
v | 2 = =
g' 0.3 1.799 7ESQ3th O ) \Qoeh_‘s ,&694 1.594 12.244 3.945
0.4 1.924 6 +0E_~ JN o [iote+1s| 0754 1.716 11.932 3.838
P* | p* | GaoeAlosAs| GagAlysAs 10ff |24 agrst | M 0.006 2.844E-07 | 2.844E-07 | 5.688E-07
P* | p* |GaorAlesAs| GaneAlazas | 0.1 _‘qﬂ‘; 5 {" o_y 0006 | 2.853e07 | 2853607 | 5.706€-07
r* | p' [GanesAlosts|Ganshlasas| 0410 { oors T 0. 0006 | 2875607 | 2.8756-07 | 5.750€-07
P | p* |GacsAlasAs| Gaas 0.110 |- 0055 0.005 0005 | 2726607 | 2726607 | 5.4526-07
N | n | GaceAlosAs| Gagalasas| 0.110 0.0 0.107 0054 0.053 2.% 2.680E-05 | 5.360E-05
N | on \oAs | "o uﬁ " 0.0 J% @ #5‘ 1 2 2.711E-05 | 5.422€-05
N | o [Eateathaas|'Gansiey oh10™ 0107 0.054 0053 | 2743c.057| 2743605 | 5.486E-05
N GaosAloshs|  Gaas 0.110 0.015 0.106 0.053 0052 | 2758605 | 2.7586-05 | 5.516E-05

N n* | GageAlasAs GaAs 0.440 0.059 0.248 0.248 2.246E-04 5.723E-05 | 5.723E-08 | 5.729E-05
N n* | GageAlg,As GaAs 0.110 0.015 0.073 0.073 7.149E-05 3.229€-05 | 3.229€-08 | 3.232E-05
n n* GaAs GaAs 0 0 0.179 0.179 1.787E-04 | 5.105€-05 | S5.105E-08 | 5.110E-05

Table 3.2 The parameters for constructing the band diagram according to
Anderson’s Model
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3.4.1 Constant bandgap structure (Reference)

The designed structure of constant bandgap is shown in Fig. 3.5. We illustrate
the generation rate at the wavelengths of 635, 675, 725, 785 and 850 nm in Fig. 3.6 to
have an understanding of the optical absorption mechanism. The optical power of
635 nm is very much absorbed inside the surface layer and decreases exponentially
with depth until the interface of GaosAlosAs and GaAs. Since the absorption
coefficient of GaAs is higher, the generation rate therefore shifts up but not as high as
the beginning before exponentially decreasing again. Such generation occurring
inside the active region produces the drift current as seen in the spectral response of
wavelength below 644 nm (see Fig. 3.7). As for the case of 675, 725,785 and 850 nm,
there are little bits of absorptions in the Gao.sAlo.sAs window layer with the generation
rate around 107 photons/sec/cm. The : the optical power can penetrate to the
active layer and are then compietel 4 . Furthermore, the generation rate is
higher for the case of shorte el its higher absorption coefficient
but it decreases exponentialiy.v idly. Hence, under the assumption

that 77, =1and reverse bids Vo Mely across the n- region, the
total current as depicted i o Cdlculated by integrating G(x)

[ ! sture is shown in Fig. 3.8. The
conduction band gradie nterfac aAs.(n) and GaAs (n*) helps the
' 1-Si Similarly, the valence band
helps the holes flow easily

gradient at the interface
not have any bandedge

to the p-side. However
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Fig. 3.6 The EHPs generation rate at 635, 675, 725, 785 and 850 nm of constant
bandgap structure
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3.4.2 Type A staircase bandgap structure

The type A staircase bandgap structure is classified into four namely: Structure
Al, Structure A2, Structure A3 and Structure A4 as shown in Fig. 3.9. The objective of
these structures is to converge the bandgap energy of active layer from that of
window layer to that of GaAs (n*) substrate. The active layer of each structure is
composed of GaorAlosAs, GaosAlo2As, GaosAl.iAs and GaAs in sequence from the
top and with different thickness but all are doped at 10'S cm-3. According to structure
Al to A4 in order, the thickness of GaAs (n) layer is adjusted to be 1.5 um thicker for
a time from 0 to 4.5 um while the thickness of GaixAlAs is adjusted to be 0.5 um
thinner for a time from 2 to 0.5 um. However, the thickness of the window layer and
the total active layer are respectively remained at 2 and 6 um.

i

Ga, Al ;As 1.5um

o.gAloAs 1.5um
Ggo.’AIo.IAs 1.5um

&n" GaAs 1.5um 4
M

Fig. 3.9 Type A staircase bandgap structure
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3.4.2.1 The calculated EHPs generation rate

To have an understanding of the optical absorption mechanism, the
generation rates are again calculated at 635, 675, 725, 785 and 850 nm for every
structure to compare to the one of constant bandgap. The calculated results are
depicted in Fig. 3.10 to 3.13 for structure Al to A4 respectively. The distribution of
these generation rates will be discussed and compared to each other as follows:
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GaosAlosAs. Since the absorption coefficient of GaozAlo3As is lower than that of the
GaAs, therefore the generation rate in the first 2 um of active layer is therefore shifted
up less than that of the reference structure and then decreased exponentially again
but more slowly. For the reason that the absorption coefficient of staircase bandgap
active layer increases step by step from that of GaosAlosAs to that of GaosAl.1As, the
generation rates of 675, 725 and 785 nm are again similar to the one of 635 nm. It is
clear that the longer the wavelength is, the deeper the EHPs generate. Therefore,
some photons of 785 nm are not absorbed in active region but penetrated into the
substrate. Whereas the 850 nm photons would prefer to pass into the substrate more
than to be absorbed in the active region because the structure A1 does not have the
GaAs (n) active layer.
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Fig. 3.11 The EHPs generation rate at 635, 675, 725, 785 and 850 nm of structure A2
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than that &f structure Al. The thinner layer makes the less optical power attenuation;
hence the power arriving to the GaixAlxAs to follow is higher. As for the case of 785
and 850 nm, the generation rates are clearly seen shift to the left and are more
absorbed in active region. This is again due to the reasons of the thinner GaixAlkAs

(N-) layer and also the 1.5 pum GaAs () layer. The GaAs (n) layer itself helps photons
of 850 nm to be better absorbed in active region.
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Fig. 3.12 The EHPs generation rate at 635, 675, 725, 785 and 850 nm of structure A3
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3.4.2.2 The calculated spectral response

The calculated spectral response of each structure is depicted in Fig. 3.14. In
case of structure Al, the spectral response cuts off at approximately 800 nm because
the lowest bandgap energy of active region is of GaosAlo1As. Therefore only the
photon energy greater than the bangap of GaosAloiAs is absorbed, which is
corresponding to the cutoff wavelength 800 nm. As for structure A2, A3 and A4, their
spectral response cutoff at approximately 870 nm which is comrresponding to the
cutoff wavelength of GaAs (n-) active layer. Even though structure A2 has the GaAs
(n) active layer but it is not thick enough to absorb photons (as seen in the
generation rate at 850 nm of Fig. 3.11), therefore the cutoff spectral response is not as
sharp as the one of structure A3 and A4.

The comparison of calcula :a\. Jol5 response between type A structures is
shown in Fig. 3.15. It is clearly seen | th -) thickness has an influence in the
spectral response. The cutoff specir comes sharper as the GaAs (n)

J
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Fig. 3.14 The calculated spectral response of structure Al to A4
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3.4.2.3 The band diagram

The band diagram of type A staircase bangap structure is shown in Fig. 3.16.
The advatage of this structure over the constant bandgap structure is that the active
layer itself has three conduction band discontinuities which can force electrons to
drift downhill toward the n-side. Anyway the small valence band discontinuities
themselves are not encouraging the holes to flow smoothly.

3.4.2.4 Application

We will re-discuss the absorption coefficient and the calculated generation
rate again, but in the domain of depth. According to the objective of this particular
structure is to converge the bandgap energy of active layer from that of window

Gao7Alo3As, GaosAlo2As, GaosAlo Qar gAssfrom the window layer side. Thus, the
absorption coefficient of these layers is hi d.higher in sequence of the depth.
The GaAs which has highe ’ nas the very high generation rate
comparing to the one o e, the EHPs which are almost

ination. In addition, electrons
to the GaAs (n-) active layer is
es have to flow far distance

and GaozAlosAs (N-) wihi
can be easily flow towarg
placed nearby the
toward the p-side.

Under the assum d photons can generate the
EHPs and all carriers » e refore the spectral response of
structure Alto A4 is getti 1 g ,—‘ heless, we realize that 7, #1,
thus we can use the quasi Acfielo the 7,. The quasi-electric fields
which are generated from the 'gl\?\a‘éient Band edge, are working on separating
electrons and holes and svgg‘ép"@'; jers toward the n-side and p-side

respectively. For thissreason, the phofovo ?UST be getting better and

fhefefOfe fhe n, in ?th‘;&‘_l.h‘;‘l’-l..'ll!ll-
i i |

The other cprﬂﬁa type A S an@op structure is that we can
mainly adjust the quasi-electric field especially for €lectron, which the electron
multiplication can be gaingd. However, the guasi-electric field for hole can rather be

adjusted by i t _ OIS of electron as seen
schemcﬁcollyﬁFﬁ &ﬁhﬂ%ﬁ%?ﬂ@cmc field will greatly
benefit for the §eparate Absorption and Multiplication (SAM) APD that allows the
multiplication to be initiated by oné type of carmier. For the sake’ of this, the excess

TrERITRNNTIRANTINE1A E
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3.4.3 Type B staircase bandgap structure

The staircase bandgap structure type B is also classified into four namely:
Structure BI, Structure B2, Structure B3 and Structure B4 as shown in Fig. 3.18. The
objective of these structures is opposite to the one of structure A. That is to diverge
the bandgap energy of active layer from that of GaAs (n-) layer underneath the P+
window layer to that of GaosAlo4As (N°) layer near to the GaAs (n*) substrate. The
active layer of each structure is composed of GaAs, GaosAloiAs, GaosAlo2As,
GaosAlb3As and Gao.sAlosAs in sequence from the top and with different thickness but
all are doped at 10 cm3. According to structure B1 to B4 in order, the thickness of
GaAs () layer is adjusted to be 1 um thicker for a time from 0 to 3 um while the
thickness of GaixAlkAs is adjusted to be 0.25 um thinner for a time from 1.5 to 0.75 pm.

ny r and the total active layer are also

However, the thickness of the wi
respectively remained at 2 ond@ /
W2

N- L Gag,Aly,As 0.75um

Ga JAs lum N Gaq,zAl,As 0.75um

Structure B3 Structure B4

Fig. 3.18 Type B staircase bandgap structures
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3.4.3.1 The calculated EHPs generation rate

To have an understanding of the optical absorption mechanism, the
generation rates are again calculated at 635, 675, 725, 785 and 850 nm for every
structure to compare to the one of constant bandgap. The calculated results are
depicted in Fig. 3.19 to 3.22 for structure B1 to B4 respectively. The distribution of these
generation rates will be discussed and compared to each other as follows:
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bandga this particular
genera’nﬁ it si structure B1 is
Goo«;AImAq in place of GaAs. As for the other energles ey ore also absorbed less

than those of the reference structure because of the lower absorption coefficient of
GaosAlo.1As. Note that these generation rates do not show the second peak as in the
case of 635 nm due to the absorption coefficient of staircase bandgap active layer
changes lower to lower from that of GaosAlo.1As to that of Gao.sAlo.4As. For this reason,
such generation rates fall down whenever passing to the next layer as clearly seen in
case of 725 and 785 nm. Especially in case of 785 nm, the photons cannot entirely be
absorbed in GaosAloaAs active layer; therefore the rest is absorbed in the substrate.
Since this structure does not have the GaAs () layer, the photon power of 850 nm
prefers not to be absorbed in active region but is absorbed in GaAs (n*) substrate.
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In this strqufure, the generation rates of 635, 675 and 725,nm are similar to
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generation rate distributes exactly to the one of 725 nm of structure B1. This is again
because the absorption coefficient of the layer to follow (GaosAl.aAs) changes to
lower. In case of 850 nm, some photons can pass through the active layer into the
substrate and consequently not contribute to the drift cument. This is because the
GaAs active layer is not thick enough.



Generation rate(photons/sec/cm)
EEE .- LY &

o
N

Gon:m!lon rate(photons/sec/cm)
- N ﬂ u !': » t @ ‘t:

5

>
g&hu

w

Generation rate(photons/sec/cm)
- N g

e
o
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structure B3 and also the 850 nm is absorb more and more in active layer because of
the thicker GaAs (n) layer comparing to the former structure. Note that the photon
energy would prefer to absorb only in the GaAs (n-) active layer than the others. This is
because the higher absorption coefficient it is.
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3.4.3.2 The calculated spectral response

The calculated spectral response of each structure is depicted in Fig. 3.22. In
case of structure B1, the spectral response cuts off at approximately 800 nm because
the lowest bandgap energy of active layer is of GaosAl.iAs. Therefore only the
photon energy greater than the bangap energy of GaosAlo.1As is absorbed, which is
corresponding to the cutoff wavelength at 800 nm. As for structure B2, B3 and B4,
their spectral response cutoff at approximately 870 nm which is corresponding to the
cutoff wavelength of GaAs (n7) active layer. Note that the lowest bandgap energy
active layer dominates the optical power absorption which is the GaosAlo.1As (N-)
layers in case of structure B1 while the GaAs (n-) layer does for structure B2, B3 and B4.

sponse between type B structures is
| thickness has an influence in the

- =4

Total Current(mA)

e e e S
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Fig. 3.22 The calculated spectral response of structure B1 to B4
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3.4.3.3 The band diagram

The band diagram of staircase bangap structure type B is shown in Fig. 3.24.
The advatage of this structure over the constant bandgap structure is that the active
layer itself has three valence band discontinuities, which the quasi-electric field for
hole can be generated and therefore holes can be forced to sweep downhill toward
the n-side. Anyway the barrier on the valence band due to the GaAs (n-) active layer
and the small barriers in conduction band can be minimized by the doping aspect.

3.4.3.4 Application

According to The objective of these structures is to diverge the bandgap
energy of active layer from that of GaAs {r¥) layer underneath the P* window layer to
that of Gao.sAlo.sAs (N-) layer near to the rate. The active layers are therefore in
order of GaAs, GaosAlo.aAs, C Alo and Gao.sAlo.4As from the window
layer side. Thus, the absorpi ¢ ’51 se layers is lower and lower in
sequence of the deptthhl h%bsorpﬁon coefficient, has the
very high generation ra D¢ ). to the'one © rother active layers. Hence, the
big problem of these strugtliresis ihc > EHF ich are almost generated in this
particular layer, are Ssad ¢ 06Alo4As (p*) and GaAs (n)
which has very high su ning in the constant bandgap

, e stance toward the n-side.
] _ : i at holes can be easily flow
toward the p-side of igejdue to, n- tive layer is placed nearby
the Gao.sAlo.sAs (p*) windg 8 7

Under the assumpiic H&Tffi d photons can generate the
EHPs and all carriers contribute jﬁﬂ% refore the spectral response of

structure B1to B4 is getting b ﬁéff%ﬁd beth ertheless, we realize that 77, #1, thus
we can use the qucsi—elec’rriqﬁ{é’f@jﬁgVe n,. The quasi-electric fields which
are generated frorr,):l‘ne gradient of {he are working on separating
electrons and hole§ Shd-sweeping iefs—oward the n-side and p-side
respectively. For thiswe , avst be getting better and

therefore the 7, is incre@se
The other opplicdfim. of type B stdiréase bandgap structure is that we can

mainly adjust 1ﬁwﬁﬁ%ﬁﬁﬁlwrgl% ﬂ the hole multiplication
can be gained: Ho 1 i-electri€ fiel electr an rather be adjusted

by doping aspe&‘ but not as much as the one of hole as seen schematically in Fig.

3.25. The_separately adjusted quasi-electric field will greatly be for the SAM APD.
or e AN GP T bR ALY d T P
q
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