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Abstract 
We report on the non-squared composition profiles of three series of thin (Lz<30 A) InGaAsJInP 
quantum wells grown with interruption sequences at, both, the lower and the upper interfaces. 
First is a series of LM (lattice matched) samples with nominal thicknesses ranging from 0 to 8 
monolayers. Second is a series of samples with a constant thickness of 5 monolayers and gallium 
compositions ranging from 0.13 to 0.73. Third are two samples with thickness Lz=30 A and 
gallium compositions x=0.47 (LM) and x=0.73 (gallium rich). Comparing spectrometric data 
collected at 2 K with high-resolution transmission electron microscope (HR-TEM) pictures, we 
find that the lower interface morphology (InPDnGaAs) can be easily probed from excitonic 
absorption and luminescence spectra. Nothing similar is found for the higher interface 
(InGaAshnP), even if a considerable amount of interface roughness is resolved from HR-TEM. 
We show that this upper interface roughness originates from unperfected Zdimensional growth 
kinetics of InGaAs. 

1. Introduction 
For many years InGaAs quantum wells (QWs), lattice matched to InP, have attracted very much 

interest for optical device applications. As a consequence, in the range of 85 A thickness (which is typical 
of 1.55 p devices and maximum transmission of the optical fibers), the control of the growth parameters 
is (more or less) a matter of routine. The resolution of sharp excitonic features (even at room 
temperature) has become a standard [I] and, recently, they have been shown to provide convenient tools 
for the fast characterization of wells composition thickness [2]. 

In the range of 1.3 y (which corresponds with minimal dispersion of the optical fibers), the 
situation is entirely different. Very thin QWs must be grown (the typical thickness being now 
8 monolayers) and only a few monolayers (MLs) departure from the nominal value is a major drawback. 
With this respect, both the control of quantum well thickness interface morphology are necessary to 
achieve reproducible results. Since ultra-thin QWs and superlattices (SLs) have active layers made of 
2-dimensional (2-D) terraces with MLs well width fluctuations [3], increasing the interface abruptness is 
nothing but reducing the size of the atomic steps fluctuations. Basically, two possibilities exist. The first 
one is atomic layer epitaxy (or ALE). The second is to use growth interruption sequences (or GIs). Using 
ALE, the active parts of the devices would be grown atomically (layer by layer) and should be 
intrinsically flat (ideally, the interfaces should be defect-free). Using a GIs, one expects to increase the 
size of the natural (as-grown) 2-D islands (in plane Lx and Ly dimensions) by allowing the different 
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interfaces to relax. This is nothing but averaging over neighbouring (different) values of Lz. Concerning 
the specific effect of a GIs on the 

InP GaInAs InP 
stoichiometrv of the interface. not much is 
really know; [3,4] and it is not'clear to decide TMI 
how deep they affect the final QW profile. 

In this work, we concentrate on thin TMG 

multiple quantum wells (MQWs) of InGaAs 
(L,<30 A) separated by thick (300 A) InP pH3 

barriers. Two different GIs have been done 
according to the schematic drawing shown in 
Fig. 1. They lasted for 5 s. at the lower ' I I 

0 3 5 7 9 10 (sec) 
(direct) InPhnGaAs interface and for 3 s. at 
the upper (inverse) InGaAsflnP one. Details of -1: Details of the growth interruption sequences 
the growth procedure can be found in used to grow the series of InGaAsflnP MQWs 
refs. 5, 6 and additional series of experimental investigated in this work. 
results in the works of refs. 5- 13. 

2. Monolayer energy splitting 
We show, in Fig. 2, the PL spectra collected at 2 K on the first series of samples (nominal gallium 

composition x = 0.47). For clarity, we specify every time the nominal thickness estimated from the 
growth run (fmite number of MLs) and indicate the theoretical energy position of the corresponding 
EIJIHl transition. 

8MLs 

Expected 
transition energies 

. - - - - - - - 7  

0.95 1 1.05 1 . I  1.15 1.2 1.25 1.3 1.35 

Energy (eV) 

F&J: PL spectra collected at 2 K on a series of samples with nominal gallium composition x = 0.47 but 
different (integer) values of well thickness. 



Two points should be emphasized. First, we find a clear effect of ML energy splitting with (more or 
less) well identified "a priori" structures. This has been similarly reported in many works (see, for 
instance ref. 3) and is generally taken as strongly indicative of a "perfect" 2-D mode of growth [5]. 
However, even in case, two problems remain. The first one is that none of the "a priori" identifications 
agree well with each other and/or with simple theoretical estimates. The second is that one finds 
additional peaks (extra features indicated by question marks) which show that no simple identification 
can hold for all experimental lines. alloy fluctuations from well to well or additional (interface) 
contributions must be called for. In our case, alloys fluctuations have been ruled out from systematic 
controls performed every 10 runs on bulk reference layers [5] and, moreover, could not account for the 
zero ML feature shown around 1.3 15 eV. As a consequence only interface contribution will be 
considered. 

3. Direct interface morphology 
As already said, when no active layer of InGaAs is deposited (tg=O in Fig. I), one collects the 

zero ML signal displayed in Fig. 2. This is now a well understood evidence [14] of excitons bound to 
interface wells which, at least, may have two different origins. First is an effect of arsenic atoms 
substituting for phosphorus at the free surface of InP exposed to arsine flux during the GIs. This 
concerns only the last few MLs deposited before interruption and constitutes really what should be called 
the lower interface well. Second is an effect of incomplete arsine purge after the GIs has been finished 
(memory effect). This should result more in InAsP-like top barriers [l5, 161. To what extend these 
InAsP-like top barriers are also associated with a pure InAs-like upper interface well is still unclear. The 
first problem is to decide whether these interface layers are homogeneous and repetitive or not and, then, 
what is their chemical composition. 

tg=o 

- Experimental 

-.- Gaussian 
componen 

Best fit 

(cf 

1.25 1.3 1.35 

Energy (eV) 
1.25 1.3 1.35 1.4 1.45 

Energy (eV) 

Fig.: Optical properties of excitons bound to interface-wells in the case of InP/InP (2 K): 
(a, b, c) PL measurement; 
(d, e) absorption and derivative absorption, 
(f, g) reflectivity and derivative reflectivity spectra. 
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Consider, first, the series of PL spectra ((2 K) displayed in Figs. 3a to 3c. They demonstrate, 
without ambiguity, that the interface wells (composition andlor thickness) vary slightly over a sample 
area. Moreover, comparing with (d) absorption, (e) derivative absorption, ( f )  reflectivity and (g) 
derivative reflectivity spectra also collected at 2 K, one finds that the interface structure which is 
experimentally resolved depends on the nature of the optical probe which has been used. PL focuses more 
on InAs-rich islands than absorption spectroscopy. 

To account auantitativelv for the 
experimental values of the confinement energies, we 
must take into account the finite effect of in-situ 
diffusion (intermixing). This appears during the 
final part of the growth run. Toward this end, we 
have combined a ML by ML approach with a Green 
function technique and a transfer matrix method 
[ll-131 to analyse the interband absorption and 
recombination energies. We find that, in the limiting 
case tg=O, the final (real) interface observed in PL 'Z 

P originates from 1.5 to 2 MLs of pure InAs. After in- 
situ diffusion, it extends over, typically, 4 to 5 MLs. 4 

While it is now clear that, after a GIs, a 
finite interface structure develops, it is not obvious 
that the same interface layers reproduce exactly 
from GIs to GIs. To clarify this point, we have 
collected X-ray diffraction spectra on an 
InP/GIS/ZnP sample [l2]. The results are shown in 
Fig. 4. They show that (at least in our case) the 
periodic GIs have a signature in X-ray diffraction ; 
We emphasize again that no InGaAs QW was 31 31.5 32 
intentionally grown and that only 10 GIs had been 
managed under arsine between 11 InP runs. This AngIe (degrees) 

resulted clearly : m: DDX spectrum collected on an 

i) in 10 interfacial QWs separated by 230 A 1nPIIn.P sample grown without any 

barriers (instead of a nominal value of 300 A) ; InGaAs active layers. In this case only 

ii) in a persistent memory effect which explains 10 GIs had been alternated with the 

(over a period) the average composition growth of the InP layers. 

InAs0,0155P0,9845 (instead of pure InP). 

InP 1 GIs / InP 

4. Thickness dependence 
Up to now we have found that, in our samples, finite interface layers developed after a GIs. 

Since both arsenic exchanging for phosphorus and arsenic memory effects have been evidenced, the point 
is now to try to split the two components. Toward this end, we have investigated the thickness 
dependence of both absorption and luminescence features. The results are show in Figs. 5a and 5b, 
respectively, and confm the results of our previous investigation. 

Performing a detailed comparison with our theoretical model, we find the following : 
i) When considered through the complete series of samples, the energetic positions of the absorption 

lines confirm that the last ML of InP (+/- 0.5 ML) was exchanged (before intermixing) by an interface 
layer made of pure InAs. This is similar to the results found for the sample grown with tg=O. Adding now 
to the nominal thickness of InGaAs, this gives (after intermixing) a first series of compositional islands. 
Because these compositional domains have pretty large dimensions with respect to the Bohr radius of the 
excitons, the monolayer energy splitting is easily resolved. In this case, the growth time acts only to 



modify the relative repartition of intensity from line to line (i.e. from one nominal thickness to the next 
one). Versus growth time, this gives the experimental series of plateaux shown in Fig. 5a. 

ii) Concerning PL, the same mechanism arises but the experimental energy positions support better a 
recombination of excitons originating from a second series of islands. These are made of 1.5 to 2 MLs of 
InAs (initial coverage) which, again, add to the nominal InGaAs layer. In this case, the ML splitting can 
still be resolved [5-71, even if the thickness dependence of the optical spectra displayed in Fig. 5b appears 
intermediate between step-like and continuous. 

iii) Concerning the upper interface morphology, up to now, no evidence could be found. 

Growth time (seconds) 

0 1 2 3 

Growth time (seconds) 

- 5 :  Comparison of experimental results with our theoretical predictions in the 
case of a) absorption and b) PL measurements performed versus thickness. 

5. Compositional dependence 
In a second series of experiments, we have used a constant (nominal) thickness of 5 MLs to 

investigate the composition dependence of the PL lines. In this series of samples, the gallium composition 
ranged from x = 0.17 to .73 and was determined by SNMS (sputtered neutral mass spectroscopy). For 

2 MLs IaAs 

X Ga content 
Fig.: Composition dependence of the PL-lines versus gallium content. 

The theoretical computation includes only nominal values and 
2 MLs InAs at the lower interface (see text). 
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completeness, a special sample with x=l (pure GaAsIInP case) was also grown. 
Versus composition, we resolve a threefold structure which spans almost entirely the entire 

composition range. This is shown in Fig. 6. Again, none of the lines agree with the standard predictions 
of the simple square well model (dot-dashed line) but, on the opposite, give evidence of an interfacial 
origin. 

This is demonstrated, first, in Fig. 7. We compare two different PL spectra collected at 2 K. 
First is a SQW and, second, a MQW with 
identical gallium compositions. In both cases, 
we fmd a manifold structure which exhibits, 
roughly speaking, the same three 
components. (They are, simply, shifted to 
higher energy in the case of the MQW 
because there is more phosphorus diffusing 
into the well, i.e. more intermixing). 

To compute the theoretical energy 
positions displayed in Fig. 6, we work along 
the path of section 4. We assume that, 
whatever is the gallium composition, 1 to 
2 MLs (+I- 0.5 ML) of InP are originally 
saturated with arsenic at the lower interface. 
Then, combining with 5 MLs of InxGal-xAs 
(nominal well thickness) and two InP 0.85 0.9 0.95 I 1.05 1.1 

barriers, we get different series of PL lines. 
The interesting point is that, again, a very 
satisfactory fit is obtained with about 2 MLs. 
In this case, changing simply the gallium 
composition, we predict for the composition 
dependence of the 3 limes, the results shown 
in Fig. 6. Obviously, the agreement is very 
satisfactory and supports our simple 
viewpoint. 

Energy (ev) 

Fie. 7 : Manifold structure observed in this work 
for a) a single and b) a multiple QW of 
InGaAsIInP with identical gallium composition 
(x = 0.38). The high energy shift noticed in 
Fig. 7b comes from deeper in-situ diffusion with 
more phosphorus moving from the barriers into 
the wells. 

6. TEM data and analysis 
Up to now, we have found that the same mechanism of arsenic incorporation and diffusion could 

explain, by mean of a few additional layers, all data collected versus composition and thickness. No 
evidence of upper interface was found and, simply, a slightly more important initial coverage (2 MLs 
instead of 1.5) could evidence, in the case of the strained samples could evidence some strain sensitivity. 
To get confirmation on this point we have performed HR-TEM measurements. 

Two different samples have been investigated. They had nominal thicknesses of 10 MLs of 
InGaAs and corresponded with gallium compositions x = 0.47 (Fig. 8, LM) and x = 0.73 (Fig. 9, gallium 
rich). The TEM pictures were taken in the chemical lattice imaging mode (Fig. 8a and 9a) and analyzed 
using the vector pattern recognition technique [4, 171. The resulting symmetry profiles are shown in 
Figs. 8b and 9b, respectively. The most strikimg feature is a strong asymmetry of the two interfaces which 
increases from the LM to composition to the Ga-rich sample. While the lower one (InF'IInGaAs) appears 
sharp, the upper one (InGaAs/InP) shows a considerable roughness. This is not an effect of GIs but 
comes from imperfect 2-dimensional mode of growth. This exists already on the lattice matched sample 
but becomes more pronounced on straining the QWs. 

For completeness, we plot also in Figs. 8b and 9b the results of a simple computation (open 
squares) where we use a statistic distribution of InGaAs thicknesses (centered around a nominal value) 
before in situ diffusion : 



using : 
i)Mg= 10MLsandup=2forx=0.47; 
ii) % = 9 MLs and up = 4 for x = 0.73, we find a very satisfactory agreement between our average 

composition profiles and the experimental HR-TEM determinations (full dots). 

- model 

10 20 30 

Monolayers (MU) 

m: a) Chemical lattice image deduced fiom HR-TEM measurements in the case of a lattice-matched 
InGaAs sample @z=30A) ; b) comparison of the corresponding symmetry profile (111 dots) with 
the composition profile obtained in this work assuming a Gaussian distribution of QW thickness 
(see text). 

10 20 30 

Monolayers (MLs) 

m: Same as Fig. 8 in the case of a gallium rich sample (d .73 ) .  Notice the composition dependence 
of the upper interface roughness. It comes from less 2-dimensional growth kinetics (see text). 
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7. Conclusion 
Performing systematic investigation of a series of MQWs grown with different thicknesses and 

compositions, we have shown that the lower interface morphology can be easily probed from excitonic 
spectroscopy. Nothing similar is found concerning the upper interface, even if a considerable amount of 
roughness exists. We have shown that this upper interface roughness comes only from unperfected 
2-dimensional growth kinetics of InGaAs. 
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