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ABSTRACT 

Surface InP quantum dots grown by gas source molecular beam epitaxy on In0.48Ga0.52P buffer layer lattice matched to 
GaAs substrate shows a broad-band near-infrared photoluminescence ranging from 750 to 865 nm dependent on their 
dimensions. A reversible luminescence intensity enhancement has been observed when the quantum dots were exposed 
to vapours of different chemical solvents with the highest sensitivity for alcohol (methanol and ethanol) vapours. The 
luminescent behaviour is dependent on the solvent type and concentration. The peak energy and band shape of the lu-
minescence are not affected by the solvent vapour. 
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1. Introduction 

Semiconductor quantum dots (QDs) show better suited 
photoluminescence (PL) properties as sensitive media in 
luminescence based devices, compared to commonly 
used dyes [1-5]. The suited PL properties include broad 
absorption band, size tuneable spectral emission, higher 
photostability, and emission lifetime ranging between 
several hundreds of picosecond and tens of nanosecond 
[6]. In the last ten years, authors reported the sensitivity 
of colloidal QDs embedded into polymeric matrix [7-11], 
sol-gel materials [12,13] or dispersed in Al2O3 nanopore 
array [13]. Per se they display sensitivity towards some 
commonly used solvents like methanol, ethanol, acetone 
and chloroform [12]. In addition selective detection has 
been achieved for colloidal QDs by means of chemical 
functionalization as reported by many authors [10,11, 
13,14]. The sensitivity of QDs to environmental vapour 
depends on the interaction between the adsorbed organic 
species and the surface atoms [15]. This is a general 
property of the interaction between organics and semi- 
conductor surfaces. Thanks to the high effective area 
available for the interaction with the solvent vapour, a 
higher PL sensitivity is expected for nanostructure com- 
pared to bulk surfaces and thin films [16-18]. In the case 
of bulk semiconductor surfaces and thin films, the ad- 

sorbed solvent chemical is thought to alter the electronic 
and optical properties of the material by affecting its sur- 
face states [15]. Such surface trap states capture the pho- 
toexcited electrons or holes causing the hindering of the 
radiative recombination of the charge carriers and reduc- 
ing PL emission efficiency. For surface QDs, the pres- 
ence of surface trap-states is mostly due to dangling 
bonds. These types of defects are particularly detrimental 
for PL efficiency. In order to reach high level of emission 
intensity in such systems, it is common practice to pas- 
sivate these surface states with a cap layer of a different 
semiconductor having a wider band gap relative to the 
QD material. However, in this way, the sensitivity of 
such systems to external environment is strongly reduced. 
Recently, a series on studies of uncapped QDs appeared 
in literature [16,17]. They are related to application 
where the interaction between material and environment 
is mandatory. In this work we present a study on the lu- 
minescence properties of surface (uncapped) QDs. Such 
QDs are directly grown on semiconductor substrates 
which are better suited for integration with well-estab- 
lished semiconductor technology compared to colloidal 
QDs. Therefore they are very promising for miniaturized 
optical sensors application and lab-on-chip technology. 
Surface InP QDs grown by epitaxy on In0.48Ga0.52P buffer 
layer lattice matched to GaAs substrate present a sizeable 
PL emission up to room temperature [18] in the range *Corresponding author. 
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750 - 865 nm dependent on their dimension whose inten- 
sity is affected by the composition of the surrounding 
gaseous environment [16,17]. In the present work we 
extend previous preliminary studies on methanol sensi- 
tivity of surface InP QDs PL to the case of a series of 
commonly used solvents with the aim to clarify the sen- 
sitivity mechanism and to proceed in possible exploita- 
tion of such system as sensor devices. In particular we 
report on the effect on the PL intensity of solvents having 
different polarity namely methanol, ethanol, acetone and 
chloroform. 

2. Experimental 

2.1. Synthesis and Morphological  
Characterization 

QDs composed of InP on 250 nm thick In0.48Ga0.52P layer 
were grown using gas-source molecular beam epitaxy 
(GSMBE) in a RIBER 21T system on (100) GaAs sub- 
strates. The synthesis procedure has been described in 
detail in previous papers [19-24]. The lattice mismatch of 
3.8% between InP and In0.48Ga0.52P (lattice matched to 
GaAs) drives the strain-induced formation of QDs via the 
Stranski-Krastanow mechanism. The areal density and 
the size of QDs were controlled using the InP deposition 
rate and time [24]. InP deposition rate was 0.85 ML/s. 
The structural properties of the samples and the composi- 
tion of the In0.48Ga0.52P layers were characterized using 
double-crystal x-ray diffractometry (DCXD) and atomic 
force microscopy (AFM). The results show lattice- 
matched In0.48Ga0.52P to GaAs with good crystal quality 
[22]. AFM was carried out using an ex-situ Nanoscope 
IIIa in the tapping mode to image the surfaces of the 
sample. An AFM image is reported in Figure 1. The 
inset of Figure 1 shows the cross-sectional sketch of  
 

 

Figure 1. 1 μm × 1 μm AFM image of the investigated sam- 
ple. The cross-sectional view of the sample is sketched in the 
inset. 

the sample. The sample is homogeneously covered by 
QDs with a lateral size of about 20 - 30 nm and a height 
of 3 - 4 nm. These values have been obtained by a statis-
tical analysis of the size distribution of about 100 dots by 
using the GwyddionTM software for the analysis of the 
AFM micrograph [25]. The dot density is 9 × 1010 
dots/cm2.  

2.2. Photoluminescence Characterization in  
Different Gaseous Environments 

The optical excitation in the PL measurements was pro-
vided by a 450 nm diode laser with a power density of 
about 90 mW/cm2. Luminescence was collected and 
analysed by a 25 cm monochromator (ARC SpectraPro- 
300i) and a photomultiplier (Hamamatsu 3610) using a 
lock-in technique. The sample was mounted rigidly in a 
sealed vacuum chamber. We studied the sample in a 
static atmosphere composed by a blend of the chosen 
solvent vapour and N2. The saturated vapour were ob-
tained by fluxing N2 in a Drexel bottle which allows the 
bubbling of the liquid solvent. The vapour inside the 
chamber was inflated by a syringe which allowed us to 
select specified amount of solvent molecules. Methanol 
(99.8%), ethanol (99.8%), acetone (99.5%) and amylene 
1% stabilized chloroform (99.8%) were purchased from 
Sigma-Aldrich and used without further purification. 
Analytical-reagent grade, anhydrous chemicals were 
used in the measurements. Saturated vapour pressure was 
calculated according to the Antoine’s law. The equation 
parameters were taken from NIST database [26]. 
Thermal fluctuations of the bubbler (~1˚C) give rise to an 
error of about ~5% on the determination of the vapour 
concentration. When the mixed N2/solvent vapour was 
injected into the chamber we maintained conditions of 
ambient pressure (monitored by a pressure gauge) and a 
temperature of 25˚C controlled by a thermocouple 
positioned on the sample stage with accuracy of ±1˚C. 
Gases and bubbler were stabilized at the same tem- 
perature. These precautions were required to discriminate 
the effect of changes in temperature from those induced 
by the vapour. An increase of temperature lowers QD PL 
intensity because the probability of non-radiative charge 
carriers recombination increases. Specifically, we 
estimated that a temperature change of 1˚C (around room 
temperature) determines a PL intensity change of about 
~3%.  

3. Results and Discussion 

The PL spectrum of the investigated sample is showed in 
Figure 2. It presents a broad-band emission with the 
peak at 848 nm and full width at half maximum (FWHM) 
of 57 nm. The band does not present differences in the 
shape and intensity both in low vacuum (1 mbar) and 
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pure N2 static atmosphere. The effect of injection of sol- 
vent vapour mixed with N2 is an enhancement of the PL 
intensity while the band energy position and width do not 
change. Such characteristic has been observed for all the 
solvents investigated. In Figure 2 the effect of 14,000 
ppm of ethanol vapour on the emission band is shown. 
We monitored the PL intensity for a fixed wavelength 
(the maximum of the emission band) as a function of 
time. When we inflated a certain concentration of solvent 
vapour, in blend with N2, into the chamber we observed 
an increase of the signal intensity, while a decrease of the 
signal was recorded when we extracted the vapour. Fig- 
ure 3 shows a typical trace where the effect of injection 
and extraction of different amount of methanol molecules 
is clearly visible. 

We observed that the emission intensity change due to 
solvent vapour can be fully reversible by evacuating the 
chamber. The signal trace displays also an overall decay 
as indicated by the continuous black line in Figure 3. 
Such a decay, always present under continuous illumina-
tion with laser light, can be fitted to a single exponential 
decay law 0 expPL I I A t    . It is almost inde- 
 

 

Figure 2. PL spectra in vacuum (black line) and in a static 
N2 atmosphere containing 14,000 ppm of ethanol vapour 
(red line). PL peak intensity increases of about 24% respect 
to vacuum. 
 

 

Figure 3. PL signal trace at fixed wavelength on the peak 
maximum during repeated injection of methanol vapour in 
blend with N2 (blue line). Concentrations are reported in 
the figure. Black line is a fit of the baseline, which is an 
overall exponential decay of the PL signal. 

pendent on the type of the solvent and occurs also in 
vacuum and pure N2 atmosphere. It can be due to a local 
heating that cannot be avoided even with the careful 
thermal stabilization of our set-up, or a photodegradation 
process. This process however is reversible and the 
original emission intensity is recovered completely after 
few hours in dark. This decay can be subtracted in the 
data analysis in order to display the signal trace on a flat 
baseline. The fit parameters for methanol and ethanol 
signal traces are reported in Table 1. 

The full reversibility of the PL enhancement as a func-
tion of the solvent presence indicates that the molecule 
adsorption is a type of physisorption. In this case the in-
teraction between the solvent molecules and the QDs is 
weak and consequently it should not be very selective for 
the solvent type. On this regard, we evaluated the sensi-
tivity (percentage relative intensity) towards the different 
solvents accordingly to the following formula: 

  @ @

@
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PL

PL Vacuum

I I
I
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00    (1) 

where IPL@Solvent represents the intensity at the peak posi-
tion ( = 848 nm) 500 s after solvent vapour injection, 
while for IPL@Vacuum we considered the intensity at the 
same wavelength before injection. The value of 500 s has 
been chosen as a representative time when the lumines-
cence signal reaches a constant value for a given vapour 
concentration. In Figure 4 an illustrative graph of the 
sensitivity for the analyzed solvents (for a fixed concen-
tration of 10,000 ppm) is reported, while in Figure 5 the 
 
Table 1. Baseline fit parameters for methanol and ethanol 
signal traces. 

Solvent I0 A τ 

Methanol 0.00102 0.0012 1595 

Ethanol 0.00109 0.00113 12347 

 

 

Figure 4. Comparison of the effect of solvent with different 
polarity (data for 10,000 ppm vapour concentration). The 
grey area in the figure indicates our data confidence limit. 
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Figure 5. Percentage of the relative PL intensity of surface 
InP QDs exposed to vapour of two alcohols (methanol and 
ethanol) as a function of the two organic vapours’ concen-
tration. 
 
relative intensity percentage ΔIPL for methanol and etha-
nol solvent vapour is reported as a function of the solvent 
concentration. The data in Figure 4 show that methanol 
and ethanol—two polar protic solvents—give rise to a 
higher relative intensity percentage in respect to the other 
solvents. It is possible to observe that the values are very 
similar for the two polar protic molecules (methanol and 
ethanol) while polar aprotic (acetone) and non-polar 
(chloroform) solvents at the same concentration value 
give rise to less intense changes. It has to be noted that 
the changes for the last two solvents is only very low 
(less than 3%). Moreover our setup sensibility due to 
possible little thermal changes, small variation of the 
exciting laser light and error in the vapour amount de-
termination give us a confidence on the results only for 
intensity changes greater than 3% as reported with a grey 
area in Figure 4. From the comparison we can conclude 
that chloroform and acetone are hardly detectable (up to 
10,000 ppm concentration) while ethanol and methanol 
are easily detected. 

We ascribe this behaviour to the different interaction 
strength between the solvent molecule and quantum dot. 
Ethanol and methanol have high dipole moment and 
therefore can interact with InP QD surface states more 
easily than the other two solvents. Such states are one of 
the main factors which hinders the radiative recombina-
tion of charge carriers in semiconductor QD [27,28]. 
Since the QD structures present a high surface/volume 
ratio the number of intrinsic surface states is quite high 
and this can produce a detectable effect on the PL inten-
sity [28]. A possible physical mechanism which explains 
the luminescence enhancement in presence of solvents is 
the hindering of the surface states. Adsorbed molecules 
can reduce the effect of these states when their local 
electric field partially offsets the surface state fields. Ac-
cording to this assumption we expected that for adsor-
bates having stronger dipole moment the effect should be 
more pronounced. To check this hypothesis we tested a 
series of solvents of different polarities and we found that 

the two alcohols having high dipole moment display a 
more visible effect. Another argument supporting this 
hypothesis is the linear dependence of the PL signal 
change with the dot coverage (average dot surface area × 
dot density) as recently reported [17,29]. This observa-
tion seems to support that the involved process is a sur-
face related phenomenon.  

4. Conclusion 

We characterized the photoluminescence sensitivity of 
epitaxial surface InP QDs grown on In0.48Ga0.52P buffer 
layer lattice matched to GaAs substrate exposed to va-
pour of four solvents (methanol, ethanol, acetone, chlo-
roform). QD PL undergoes a reversible enhancement 
when the dots are in contact with methanol and ethanol 
solvent vapour dependent on solvent type and concentra-
tion, although the sensitivity is low. The effect of acetone 
and chloroform solvents is hardly detectable. The PL 
change is greater for solvent molecules presenting a 
permanent dipole respect to other solvents. A physisorp-
tion with different interaction strength on dot surface 
states can be invoked as an explanation. The obtained 
results are promising for the development of integrated 
miniaturized optical chemical sensors, fully compatible 
with fabrication process common for III-V semiconduc-
tor technology. 
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