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InP-Based Multiple Quantum Well Structures Grown 
with Tertiarybutylarsine (TBA) and Tertiarybutylphosphine 
(TBP): Effects of Growth Interruptions on Structural and 
Optical Properties 
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In this paper, we investigate the effect of interfacial layers on GaInAs(P)/ 
GaInAsP and GaInAs/InP multiple quantum well structures with x-ray diffrac- 
tion and photoluminescence. We observe a decrease in the room temperature  and 
low temperature  photoluminescence intensity as the number of periods is 
increased which we at tr ibute to the interfaces. Furthermore,  different growth 
interruption schemes show that  decomposed As species from TBA have an effect 
on the structural and optical quality of these structures at  both the lower and 
upper interfaces due to As carry-over. The effect of this carry-over is shown in 
structural  measurements  and laser diode results. 

Key w o r d s :  GaInAsP, metalorganic chemical vapor deposition (MOCVD), 
multiple quantum well (MQW), photoluminescence (PL), 
ter t iarybutylarsine (TBA), tert iarybutylphosphine (TBP), x-ray 
diffraction (XRD) 

INTRODUCTION 

Improvements in the performance of 1.3 and 1.55 
~m semiconductor lasers has been achieved with the 
use of quantum well active regions and by the addi- 
tion of biaxial strain into the quantum wells.l.2 Many 
advanced devices being studied today rely on these 
high performance active regions to reduce threshold 
and drive currents,  3,4 increase modulation band- 
widths, ~ or achieve operational long wavelength vet- 
tical cavity devices2 Furthermore,  for many applica- 
tions, short cavities are used. This leads to a smaller 
active region volume and therefore, more quantum 
wells being needed to achieve the gain required for 
lasing. Thus, more interfacial layers exist in the 
active region which could lead to degradation of the 
structure's structural  and optical characteristics. 

This effect of interface degradation has been stud- 
ied by other authorsF -1~ In this work, we look at the 
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effect of this degradation with the use of the liquid 
o rganometa l l i c  group V sources  t e r t i a rybu ty l -  
phosphine (TBP) and tert iarbutylarsine (TBA) which 
have been studied because of their lower toxicity and 
lower chance of catastrophic bubbler failure as com- 
pared to arsine and phosphine. In addition, these 
organometallic sources have a lower decomposition 
temperature  than the conventional sources. 11 This 
effect leads to more active As and P species available 
to be incorporated into the previously grown layer via 
diffusion or into the growth of a subsequent  layer via 
column V carry-over. This investigation of interface 
effects on the properties of InP-based quantum wells 
is organized as follows. In the next section, the experi- 
menta l  conditions are outlined. Following this, 
GaInAs(P)/GaInAsP multiple quantum well (MQW) 
structures grown under s tandard conditions are stud- 
ied via x-ray diffraction and photoluminescence. In 
order to investigate the results presented therein, the 
s tandard growth conditions are changed and both 
GaInAs(P)/GaInAsP and GaInAs/InP MQW struc- 
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Table  I. Part ia l  P r e s s u r e  for  Mater ia l  G r o w n  in This  S tudy  

Mater ia l  
Stra in  TMGa TMIn TBA 

(%) (mTorr)  (mTorr)  (mTorr)  
TBP S t r u c t u r e  

(mTorr)  Types  

GaInAs 0 24.72 29.32 417.34 A,D 
Low Strain Quantum Well = 0.6 12.01 29.32 806.8 3303 C 
High Strain Quantum Well = 1.3 6.98 29.32 681.6 3303 B 
GaInAsP (~. -- 1.25 IJm) 0 8.38 29.32 180.13 3303 A,B 
Strain Compensated Barrier = -0.5 12.57 29.32 181.53 3303 C 
InP 0 29.32 3303 D 
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Fig. 1. Schematic cross section of the multiple quantum well structure 
with N w quantum wells and Nw+l barriers used in this study. 
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Fig. 2. Schematic of growth interruption scheme. 

tures are grown and studied. 

E X P E R I M E N T A L  C O N D I T I O N S  

All samples in this study were grown in a horizontal 
metalorganic chemical vapor deposition (MOCVD) 
reactor designed by Thomas Swan. Sn- or Fe-doped 
(001) InP epi-ready substrates with a 2 ~ misorientation 
toward the nearest [110] direction were used for all 
g rowths .  The group  I I I  sources  used  were  
t r i m e t h y l i n d i u m  (TMIn) and t r ime thy lga l l i um 
(TMGa) whi le  t e r t i a r b u t y l a r s i n e  (TBA) and  
tertiarybutylphosphine (TBP) were used as the group 
V sources. All growths were done at atmospheric 
pressure and a growth temperature of 645~ as mea- 
sured by a thermocouple located in the graphite 
susceptor (uncoated) holding the InP wafer. The run 
and vent manifolds are pressure balanced and 5.5 
slpm of gas flows through the reactor at all times. 

Partial  pressures used in the samples is summarized 
in Table I. These partial pressure values were calcu- 
lated using the source concentration values measured 
by an ultrasonic cell in the case of the group III 
sources and the vapor pressure in the case of the 
group V sources. Normal variations of=l% around the 
target value were typically seen for these growths. 
The general structure schematic used in this study is 
shown in Fig. 1. Five different types of MQW struc- 
tures were investigated; these structure are explained 
in Table I. For type A and B structures, 80A wells with 
were used with 80A GaInAsP lattice-matched barri- 
ers with a band gap wavelength of 1.25 pm; for type D 
structures, 4 ML GaInAs quantum wells were used 
with 100A InP barriers. For type C structures, 95A 
wells were used and the barrier width was varied with 
the number of periods grown according to: 

Nw ~ t  w (1) 
t b -  N ~ + I  

where N w is the number of quantum wells, S w is the 
strain in the well, S~ is the strain in the barrier, and 
t ,  is the well width. Note tha t  in the case above, the 
strain is not completely compensated after each pe- 
riod; it is only compensated after the last barrier layer 
has been grown. 

These MQW structures were designed to emit light 
at 1.55 pm at room temperature.  The structural 
properties of the MQW structures was measured with 
a Bede Double Crystal X-ray Diffraction System. For 
all samples (except type D), the (004) reflection was 
measured; in some cases, the (115) reflection was also 
measured to experimentally determine the coherency 
of the structure to the substrate. The optical proper- 
ties were measured at both room and low (1.4K) 
temperature via photoluminescence (PL) except for 
the type D which are measured only at  room tem- 
perature. For the type A, B, and C samples, the 488 
nm line of the argon laser served as the excitation 
source. In previous work, TM we studied the effect of 
using TBA and TBP on the optical quality of GaInAs/ 
InP quantum wells of varying width. These results 
showed that,  for our reactor, short growth interrup- 
tions times (0.5 s) were optimal. The s tandard growth 
interruptions sequence is i l lustrated for an InP bar- 
rier and GaInAs quantum well in Fig. 2. This growth 
interruption scheme has been used in state-of-the art  
laser diode results '3-1~ and is the nominal growth 
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interruption scheme used here. In this work, we study 
the technologically important  GaInAs(P)/GaInAsP 
interfaces. These structures are currently used be- 
cause strain can be changed within the quantum well 
without significantly changing the well width. In 
addition, strain can be added to the barrier with the 
opposite sign of the barrier to extend the critical 
thickness of the entire stack by the effect of strain 
compensation.~.~7 Increasing the number  of quantum 
wells in the MQW structure systematically allows us 
to observe the effect of interfaces. Here, we confine 
ourselves to il lustrating and understanding the effect 
that  growth interruptions have on the structural  and 
optical properties of the structure since we are inter- 
ested in using them for laser diodes. 

STRUCTURAL PROPERTIES OF GaInAs(P)/ 
GaInAsP MQW STRUCTURES 

Figure 3 shows a (004) x-ray measurement  for a 30 
period type A structure along with a simulation done 
using dynamical theory. The zeroth-order peak of the 
MQW structure is at 0.15% compressive strain. Un- 
der the conditions for GaInAs and GaInAsP listed in 
Table I, the lattice mismatch measured in bulk layers 
was less than 500 PPM (0.05%). Therefore, we believe 
that  this strain is the effect of the interfaces. The 
narrow full width at half  maximum (FWHM) of the 
satellite peaks demonstrates the good crystal quality 
of the structure and no relaxation of the MQW struc- 
ture. This was confirmed by measuring the (115) 
reflection of the sample. In order to observe the effect 
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Fig. 3. Normalized x-ray diffraction spectra [(004) reflection] for the 30 
period type A sample with corresponding simulation. Note that simu- 
lation peaks below the experimental curve cannot be seen because 
they are below the noise level of our diffractometer. 

of the interfaces systematically, type A samples with 
6, 10, 20, and 30 periods were measured with a (004) 
reflection. The x-ray diffraction FWHM was then 
compared to the simulated results. The results of this 
calculations are shown in Fig. 4. Note that  as the 
number of periods increases, the FWHM of the x-ray 
satellite peak for both the experiment and simulation 
narrows. This is consistent with expectation since, for 
a periodic structure such as a distributed Bragg 
reflector (DBR) mirror, the bandwidth (or FWHM 
here) gets smaller as the number of periods increases. 
Since there is a deviation from the simulated results, 
we believe that  interfaces formation in the MQW 
structure is the cause of this deviation. Similar mea- 
surements were conducted on the type B and C struc- 
tures. For the type B, we observed a widening of the 
x-ray satellite peaks as a function on the number  of 
wells grown; this is consistent with dislocation forma- 
tion in the structure. This fact was confirmed via a 
(115) reflection. For the type C structures, the (115) 
reflection revealed that  the MQW structure was coher- 
ently strained to the substrate up to 20 periods. 

OPTICAL PROPERTIES OF GalnAs(P)/  
GaInAsP MQW STRUCTURES 

The room temperature photoluminescence intensity 
vs number of periods for the type A and type B 
structures is shown in Fig. 5. For the type B structure, 
there is a steep drop in PL intensity above six periods. 
This drop in intensity is consistent with the previ- 
ously measured structural properties showing that  
dislocation formation is leading to decreased optical 
quality. For the type A structure, a slight decrease in 
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Fig. 4. Comparison of the experimental and theoretical FWHM of the 
n = -1 satellite peaks from x-ray diffraction vs the number of periods. 
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PL intensity is observed between 20 and 30 periods. 
Figure 6 shows the FWHM of the low temperature 
photoluminescence for type A and B structures at  
room and low temperature.  In obtaining this data, 
two Gaussians were fit to the spectrum and is was 
assumed tha t  the dominant peak was due to the 
quantum well luminescence. The type B structure 
shows a sharp increase in the FWHM at low tem- 
perature as more periods are added. The fact tha t  the 
type A structure does not exhibit this behavior and 
the structural properties are of high quality, we con- 
clude that  this decrease in room temperature PL 
intensity is not due to dislocations. Since the FWHM 
at low temperature increases slightly for these struc- 
tures and also exhibits a broad minima, the most 
likely cause for this increased broadening is the broad- 
ening due to interfacial layers. A FWHM of 8.64 meV 
was observed which is comparable to tha t  seen with 
arsine and phosphine. Low temperature photolu- 
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Fig. 5. Integrated intensity of room temperature PL vs the number of 
periods for type A vs type B samples. The e• power density 
used was 10 W/cmL 

minescence measurements were also carried out on 
the type B and C structures. We observed tha t  by 
using al ternating strain in the well and the barrier, 
the optical properties do not degrade as quickly for the 
type C structure (strain compensation) as in the 
uncompensated case (type B). This is at tr ibuted to the 
suppression of dislocation formation in strain com- 
pensated structures. However, as is the case with 
type A, there is a decrease in optical quality with an 
increase in the number of periods grown in the case of 
the type C samples. 

U N D E R S T A N D I N G  THE N A T U R E  OF 
IN TER FA C E F O R M A T I O N  WITH 

TBA A N D  T B P  

The field of interface formation is a very diverse and 
complex area. In our case, we are interested in under- 
standing the effects of growth interruptions on the 
structural  and optical properties of these MQW struc- 
tures. In our work discussed in Ref. 12, we believed 
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Fig. 6. FWHM of the low temperature PL for the type A and type B 
structures vs the number of periods. The excitation power density used 
was 10 W/cmL 

Table II. Summary of Growth Interruption Schemes, Structural Results, and Optical Results  

Growth Interruption Scheme XRD Splitt ing of 
t 3 (s) t 4 (s) FWHM (arc-s) PL Energy (meV) Sample 

C-1 
C-2 
C-3 
C-4 
C-5 
C-6 
C-7 

0.5: TBA/TBP 0.5: TBA/TBP 67 5.39 
None None 86.7 11.06 

2: H 2 only 0.5: TBA/TBP 72 2.06 
2.0: TBA/TBP None 76.1 3.7 
2.0: TBA/TBP 0.5: TBA/TBP 75 9.83 

2: H 2 only 0.5: TBA/TBP 60.5 2.08 
0.5: TBA/TBP 0.5: TBA/TBP 66.1 2.54 

PL 
FWHM (meV) 

10.7 
11.1 
7.95 
8.67 

11.74 
8.14 
7.49 
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that  the use of column V gases during growth inter- 
ruptions can have two main effects. First, there is 
diffusion of the gaseous column V species into the 
previously grown layer. This would occur if, at the 
growth temperature,  the column V species desorb 
from the growth surface. At our growth temperature,  
this is a well known phenomena. The other effect of a 
growth interruption is one ofcolurnn V carry-over. In 
this scenario, the excess column V species left on or 
over the growth surface is incorporated into the solid 
when growth of a subsequent  layer commences. In 
order to unders tand this effect on the GaInAsP/ 
GaInAsP interface, we have grown ten period strain 
compensated MQW samples with various growth 
interruptions (type C structures). These samples are 
summarized in Table II. Based upon the data of 
others ls,19 we concentrated on the high-to-low As in- 
terface (or well-to-barrier) and have used our stan- 
dard growth interruptions (0.5 s of both TBA and 
TBP) for the barrier-to-well interface (except in the 
case of C-2). In the case of these samples, both (004) x- 
ray diffraction and low temperature  PL were mea- 
sured. Analysis of the PL data involved fitting two 
Gaussian peaks to the data and assuming the stron- 
gest peak is from the MQW emission. As stated 
elsewhere, 2~ as long as the InAsP layer is not contin- 
uous and longer than the excitonic diameter, discrete 
lines in the photoluminescence can be seen. This 
effect was seen in all of the type C samples. 

A typical x-ray diffraction curve is shown in Fig. 7 
for sample C-6. In our analysis, the n = -2  satellite 
peak was used as a basis of comparison. 21 From Table 
II, we note tha t  there are slight changes in the quality 
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Fig. 7. X-ray diffraction [(004) reflection] for sample C-6. 

of the MQW structure when the growth interruptions 
at the high-to-low As interface are changed. The most 
drastic changes occur when TBA is left out of the 
growth interruption scheme. Note that  in the case of 
all of these samples, the changes we are seeing are not 
dramatic and may only explain some the phenomenon 
seen in Fig. 5 with relation to the decrease of the 
MQW's structural  and optical quality. 

To further probe the effect of growth interruptions, 
several type D samples (four periods) were grown 
with varying growth interruption schemes. These 
structures are summarized in Table III. These struc- 
tures  were only s tudied via room t empe r a tu r e  
photoluminescence with an A1GaAs laser diode emit- 

T a b l e  III .  S u m m a r y  o f  G r o w t h  I n t e r r u p t i o n  
S c h e m e  for  T y p e  D S a m p l e s  

G r o w t h  I n t e r r u p t i o n  S c h e m e  

S a m p l e  t I (s) t 2 (s) t 3 (s) t 4 (s) 

D-1 0.5: TBP 0.5: TBA 0.5: TBA 0.5: TBP 
D-2 0.5: TBP 0 .5 :H2 0.5: TBA 0.5: TBP 
D-3 0.5: TBP 0 .5 :H2 0.5 H2 0.5: TBP 
D-4 1 .0 :H2 - -  0 .5 :H2  0.5: TBP 
D-5 1.5: TBP 0 .5 :H2 0 .5 :H2 0.5: TBP 
D-6 1.5: TBP 0 .5 :H2 1.5: TBA 0.5: TBP 

{ /3 
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4 ml 
1.125 g m  
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5 ml 
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+ D - 3  
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Fig .  8 .  E f f e c t  o f  c h a n g i n g  l o w - t o - h i g h  A s  i n t e r f a c e ' s  g r o w t h  i n t e r -  

r u p t i o n .  N o t e  t h a t  m o n o l a y e r  s p l i t t i n g  is  o b s e r v a b l e  a t  r o o m  t e m -  
p e r a t u r e .  
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ting at 789 nm. Figure 8 shows the effect of eliminat- 
ing TBA from the growth interruptions for the low-to- 
high As interface (sample D-2) and both interfaces 
(sample D-3). In this case the effect is dramatic. If  
TBA is eliminated from the lower interface purge, the 
PL peak gets to the value expected by theoretical 
calculations. Also note tha t  eliminating TBA from the 

-4ooo -2ooo o 2000 4000 
Relative Position (arcseconds) 

Fig. 11. (004) X-ray diffraction spectra for 30 period type A sample with 
standard and new growth interruption scheme. 

upper interface has a much smaller effect. The effect 
seem with the D-2 sample is consistent with InAsP 
forming at the interface, z~ Figures 9 and 10 illustrate 
the effects of diffusion and carry over in the formation 
of this InAsP layer at the lower interface. In the case 
of diffusion (Fig. 9), the effect seen is tha t  no drastic 
changes in PL are seen at up to 1 s interruption times 
(tl). At 1.5 s of TBP (sample D-5), degradation of the 
interface is occurring since the peak has shifted. The 
reason for the photoluminescence intensity increase 
in sample D-5 is unknown at this time. We suspect 
that  strain effects due to the interface layer may 
cause the observed increase. In the case of carry-over 
(Fig. 10), we see tha t  the introduction of TBA at the 
upper interface has a very similar effect as decreasing 
the growth rate in the D-5 samples from 15 to 3A/s. In 
this case, there is more reactive As species at the 
surface or in the gas phase when growth occurs at  a 
slower rate (i.e., at a higher V/III ratio). For this 
reason, we believe that  it is not diffusion of the column 
V species tha t  is causing degradation of the interface; 
instead, we believe tha t  carry-over into the subse- 
quent layer is the dominant effect. Thus, we believe 
tha t  the elimination of TBA from all growth interrup- 
tions leads to a reduction in interface effects for the 
GaInAs/InP interface. For GaInAs(P)/GaInAsP inter- 
faces, we believe that  the elimination of both column 
V species from both sides of the quantum well (the 
high As-containing layer). This improvement in both 
cases is due to reduced As adsorption at  the growth 
surface in low column V over-pressure conditions. 22 

To confirm the improvement in the MQW struc- 
ture, the 30 period type A structure was regrown 
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under the same conditions with the new growth inter- 
ruption scheme. The results of the (004) x-ray diffrac- 
tion measurements are shown in Fig. 11. Note that 
the improvement observed is due to a reduction in the 
effect of the interfaces of the structure. This effect 
further illustrated itself in laser diode results. Broad- 
area laser diodes were fabricated with four unstrained 
GaInAs quantum well active regions. The device 
structure and processing has been discussed else- 
where. 12 When TBA was used in the growth interrup- 
tions, the threshold current density was 740 A/cm 2 for 
a 50 • 500 ~tm 2 device; when TBA was eliminated from 
the growth interruptions, the threshold current den- 
sityjumped to 1200 A/cm 2 for the same device dimen- 
sions. Since the interface effect has been reduced, the 
strain induced by them in the active region is also 
reduced; this leads to the observed threshold density 
increase. 

CONCLUSIONS 

In this paper, InP-based MQW structures are stud- 
ied using TBA and TBP. The results show that the 
standard interruption scheme that was used for a low 
number of wells is not the optimized interruption 
scheme as more wells are added. Our data shows that 
the use of TBA in the growth purge leads to decreased 
optical and structural properties via carry-over into 
the subsequent growth layer. We further show that 
short growth interruption times with H2_ only leads to 
the most optimized structural and optical properties. 
The improvement of the MQW structure was experi- 
mentally sbown in both MQW structures and laser 
diode results. 
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