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Abstract：InP—based metamorphic InGaAs photodetector structures with lattice mismatch up to 2．6％ were grown on InA1As 

graded buffers with a relatively high mismatch grading rate of 1．1％ Ixm～ by gas source molecular beam epitaxy．They were 

compared to the samples with the same structures but smaller lattice mismatch of 1．7％ and 2．1％ to the InP substrate． 

Characteristics of the wafers were investigated by the measurements of atomic force microscopy，x—ray diffraction，photolu— 

minescence and device performances．Results show that moderate surface morphology ，large degree of relaxation and feasi· 

ble optical characteristics have been obtained for the photodetector structures with lattice mismatch of 2．6％ ．The cut·off 

wavelength of the device is about 2．91xm at room temperature．The typical dark current of 2．561xA at room temperature has 

been achieved at reverse bias of 10 mV for the photodetector with 300 um diameter． 
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晶格失配度达 2．6％的波长扩展 InGaAs／InP光电探测器结构 

顾 溢 ， 李 成 ， 王 凯 ， 李好斯白音 ， 李耀耀 ， 张永冈9 
(1．中国科学院上海微系统与信息技术研究所 信息功能材料国家重点实验室，上海 200050； 

2．中国科学院研究生院，北京 100039) 

摘要 ：利用气态源分子束外延，采用相对较高的1．1％ m 失配度变化速率，在 InA1As递变缓冲层上生长了晶格失 

配度高达2．6％的InP基InGaAs变形品格探测器结构，并与采用相同结构而晶格失配度为1．7％和2．1％的探测器 

样 品进行了比较。通过原子力显微镜、X射线衍射、光致发光和器件特性测试对样 品进行 了表征。结果显示该晶 

格失配度达 2．6％的探测器结构具有较好的表面形貌、较大的晶格弛豫度和理想的光学特性。器件室温截止波长 

约为2．9txm，直径为300 m的器件室温下在反向偏压 lOmV时的暗电流为2．56 A。 

关 键 词 ：光电探测器；缓冲层；InGaAs；晶格失配 

Introduction 

Photodetectors(PDs)with response wavelength of 

1～3 txm have many important applications，such as 

earth observation[ 
，
special night vision[ 

，
thertno— 

photovohaic for energy conversion ，spectroscopy of 

characteristic absorption for gas detectionl 
，
etc．In 

addition to HgCdTe and antimonide materials，the ter— 

nary InGaAs can also cover part of this wavelength 

range．For InGaAs，a relatively more mature growth 

and processing technology can be applied．Therefore， 

InGaAs PDs could be expected to have better perform- 
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ances，especially at higher operation temperatures L5I6 J
， 

In0
．s3 
Ga0 47 As PDs lattice—matched to the InP substrate 

with cut-off wavelength of about 1．7 txm have been 

widely used in fiber communication applications．The 

response can be shifted to longer wavelength by in— 

creasing the In content in the InGaAs alloy，whereas 

introducing a quite large lattice mismatch between In— 

GaAs absorption layer and InP substrate．Wavelength 

extended InGaAs PDs grown by using hydnde vapor 

phase epitaxy(HVPE) ，metal organic chemical 

vapor deposition(MOCVD) or molecular beam ep— 

itaxy(MBE) 引 with different cut—off wavelengths 

have been reported． Among these works，the cut—off 

wavelengths of the PDs are usually extended to shorter 

than 2．4 m，corresponding to a lattice mismatch of 

about 1．7％ to the InP substrate．The reports about In— 

GaAs PDs with lattice mismatch larger than 2．2％ to 

the InP substrate have not been seen to our knowledge． 

In the wavelength extended PD structures，a suitable 

buffer layer between InP substrate and InGaAs absorp— 

tion layer should be inserted to overcome the propaga— 

tion of misfit dislocations and degradation of the materi— 

al quality． The InA1As continuously graded buffer 

grown by MBE technology is a feasible scheme for the 

metamorphic InGaAs PD structures as the convenient 

composition control in MBE[9tl 0。
．
whereas a thin buffer 

should be preferable from a practical point of view as 

the growth rate of MBE is limited to around 1 txm／h in 

practice。 

In this paper， the characteristics of the MBE 

grown InP—based metamorphic InGaAs PD structure 

with up to 2．6％ mismatch and the effects of the In- 

AlAs continuously graded buffer with a relatively high 

grading rate of about 1．1％ Ixm～ have been reported． 

The metamorphic PD structures with 1．7％ and 2．1％ 

mismatch to the InP substrate with nearly the same 

grading rates were also grown and characterized as 

references 

1 Experimental details 

The samples were grown on(1 00)一oriented InP 

epi—ready substrates by using a VG Semicon V80H gas 

source molecular beam epitaxy(GSMBE)system．The 

elemental In，Ga and A1 sources were used as group III 

sources，and their fluxes were controlled by changing 

the cell temperatures．Arsine(AsH3)and phosphine 

(PH3)cracking cells were used as group V sources， 

and their fluxes were controlled by adjusting the pres— 

sure．The cracking temperature was around 1000 oC． 

Standam Be and Si effusion cells were used as p-and 

n-type doping sources，and the doping levels were also 

controlled by changing the temperatures． Before 

growth，the fluxes of group III sources were calibrated 

by using an in situ ion gauge． The surface oxide de。 

sorpti0n of the substrates was carried out under P2 flux， 

including a slow ramp—up of the substrate temperature 

until the reflection high energy electron diffraction 

(RHEED)pattern showed an abrupt transformation to 

2 x 4 sorface reconstruction． 

The epitaxy structures of the metamorphic PDs 

started from an N In A1l
～  

As continuously graded 

buffer layer，and the In composition x was graded from 

0．52 to a desired value Y through the simultaneously 

1inear increase of In source temperature and decrease of 

A1 source temperature． After that， a 1．51xm n— 

In Ga1
一  

As absorption layer and a 0．61xm P InyA1l
—

y 

As cap layer were grown．The targeted cut—off wave。 

lengths of the PDs were set to be 2．4tzm，2．71zm and 

2．9LLm for samples(a)，(b)，and(c)，correspond— 

ing to the desired value Y of around 0．78，0．84，and 

0．90．and lattice mismatch of about 1．7％ ，2．1％ ，and 

2．6％ to the InP substrate．respectively．The thicknesses 

d of the In A1l
一  

As buffer layer were about lI 4 ， 

2．Opjn，and 2．4 m，corresponding to the lattice mis。 

match grading rates of buffer layers of about 1．2％ 

p,m～ 。1．1％ Ixm～ ，and 1．1％ txm～ ，respectively． 

The growth rates of all layers were around 1 瑚 h． 

After growth，the morphologies of the grown sam。 

ples were observed by using an atomic force microscope 

(AFM)．The o)／20 rocking curves and reciprocal 

space mappings(RSMs)were measured by using a 

Philips X’pert MRD high resolution x·ray diffractome— 

ter(HRXRD)equipped with a four—crystal Ge(220) 

monochromator． The PL spectra were measured by 

using a Nicolet Megna 860 Fourier transform infrared 

(FTIR)spectrometer，in which liquid-nitrogen cooled 

InSb deteetor and CaF，beam splitter were used．The 

samples were mounted onto a continuous—flow helium 
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表 1 从 HRXRD摇摆曲线提取的结果 

Table 1 Results from HRXRD rocking curves 

quality as expected．To judge whether the buffer layer 

is efficient for the metamorphic growth，it is necessary 

to investigate the relaxation status of the epi—layers， 

and the RSM measurements should be introduced． 

The symmetric (004)and asymmetric (224) 

RSM reflections were measured and shown on the left 

and right sides of Fig．3，respectively．The intensities 

are in the logarithmic scale．In all RSMs，the relative— 

ly narrow and circular peaks correspond to the InP sub— 

strate(denoted as S)．The diffraction features from in— 

dividual epitaxy layers are distinguished in the RSMs． 

The two layer peaks correspond to the InGaAs absorp— 

tion layer(denoted as L1)and InA1As cap layer(de- 

noted as I2)，respectively．They are elliptical with a 

larger diffuse scattering perpendicular to the normal 

line due to the existence of dislocations． L1 and L2 

were assigned by measuring the HRXRD rocking curves 

in the same directions before and after etching the 

InA1As cap layer． The layer peak was shifted toward 

the substrate side after the etching．On the(004) 

reflections，the divergencies of the centers of substrate 

peaks and layer peaks along the horizontal direction 

correspond to the macroscopic tilts of the layers to sub· 

strates[ ]
． The tilt ang1es 0f L1 to the substrate are 

一 1．1。，1．1。，and 1．1。f0r samples(a)，(b)and 

(c)，respectively．For the(224)reflections，the 

intensities of substrate peaks are weaker than those of 

layer peaks due to the thick epi—layers．The lines of 

full relaxation(metamorphic)and full pseudomorphic 

to the substrates were given on the(224)reflections 

for references．The contours of layers are all far from 

the pseudomorphic lines，indicating that the strain has 

been relaxed through the InA1As graded buffer layers． 

The parallel mismatch{ and perpendicular mismatch 

．
{L of the InGaAs absorption layers were extracted from 

the RSMs，and then the cubic lattice mismatch厂and 
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Fig．3 HRXRD RSMs of InGaAs PD structures with different 

lattice mismatch(a)1．7％ (b)2．1％ (c)2．6％ 

图3 不同晶格失配 InGaAs探测器结构的 HRXRD RSM图 

(a)1．7％ (b)2．1％ (e)2．6％ 

In composition Y were calculated by the following equa· 

tions【 引 ： 

厂=( + (1) 

．厂： ， (2) 
a lnP 

where aInAs，aGaAs，and aInP are the lattice constants of 

InAs，GaAs，and InP，respectively． is the Poisson 

coefficient of In Ga1
一  

As，and can be given by the 

elastic constants C『1 and l2 as： 

=  

c12 

c11 + c 12 
(3) 

The values of cl1 and 12 were linearly interpolated by 

the parameters 0fbinary InAs and GaAs[ 4]
． The de． 

一jI|0000_【×】 一nIJ。0。。_【×】 —jIJ。。。。_【×) 
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表 2 Results from HRXRD (224)RSM measurements 

Table 2 从 HRXRD(224)面 RSM 测试 提取的结果 

每 

磊 

忘 
{ 

山  

j 

宴 
一  

Energy／eV 

Fig．4 PL spectra at 300 K and 77 K of InGaAs PD structures 

with different lattice mismatch，the water absorption bands are 

indicated for references 

图4 不同晶格失配 InGaAs探测器结构的300 K和77 K下 

光致发光谱 ，图中也画出了水汽吸收带作为参考 

grees of relaxation R for the InGaAs layers were then ca1． 

culated from R=厂，，／f and listed in Table 2．For all the 

three samples，the degrees of relaxation are larger than 

90％ ．Therefore．by using the InM As graded buffer lay— 

eFS with the grading rates of around 1．1％ gm～ ．the In— 

GaAs layers have been relaxed efficiently in all samples． 

2．3 Photoluminescence 

The optical properties of the epi—layers are most 

important in understanding the quality of the materials 

for optoelectronie applications． Fig．4 shows the PL 

spectra of the samples at 300 K and 77 K．The centers 

of the spectral envelope of the PL signal are identified 

as the PL peaks and denoted in Fig．4，noting that the 

water absorption bands have affected the PL signals， 

especially in the wavelength range of 2。5 ～2．8 txm． 

The blue—shift of the PL envelops as the temperature 

decreases can help for the peak identification．Two PL 

envelops can be observed for every sample．The stron— 

ger one with the longer wavelength corresponds to the 

InGaAs absorption layer，and the weaker one with the 

shorter wavelength corresponds to the InA1As cap lay- 

er．The centers of the PL envelops corresponding to the 

InGaAs absorption layers are at about 2．41 Ixm，2．65 

jxm ，and 2．91 p．m at 300K，and blue—shift to 2．14 

m，2．34 txm，and 2．54 txm at 77K，respectively， 

which are in agreement with the theoretical PL wave· 

lengths from the In compositions． The PL intensities 

increase to about 50 times as the temperature decreases 

from 300 K to 77 K．An unexpected phenomenon is 

noticed that the PL intensity corresponding to the In— 

GaAs layer of sample(c)with larger mismatch to the 

InP substrate is stronger than that of samples(a)and 

(b)．The instrument function related to the response 

increase of InSb detector and CaF2 beam splitter at lon· 

ger wavelength may be the reason．Nevertheless，it is 

definite that favorable optical characteristics can be ob— 

rained for the InP—based PD structure with up to 2．6％ 

mismatch by using InA1As continuously graded buffer 

with the grading rate of about 1．1％ Ixm～． 

2．4 Device performances 

To confirm the quality of the wafers，the dark cur- 

rent performances of the PDs were measured for the 

mesa—type devices with 300 txm diameter．Fig．5 shows 

the I-V characteristics of the PDs．At reverse bias = 

10 mV，the dark currents are0．426 txA(6．03 x10 

A／em )，0．838~A(1．19 x 10 A／cm )，and 2．56 

A (3．62×10 A／cm )for samples(a)，(b)，and 

(c)，respectively．It is indicated that more nonradi— 

ative centers are generated for sample(c)due to more 

dislocations introduced by the larger lattice mismatch． 

Nevertheless，the dark current perform ance of sample 

(c)is even better than our previous results of the met· 

amorphic PD with about 2．1％ mismatch to the InP 

substrate and a grading rate of about 0．7％ m f0r 
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Reverse voltage／V 

Fig．5 I-V characteristics of InGaAs PDs with different lattice 

mismatch at room temperatures(a)1．7％ (b)2．1％ (c)2．6％ 

The inset SHOWS the response spectrum of InGaAs PD with 2．6％ 

lattice mismatch at room temperature 

图5 不同晶格失配 InGaAs探测器的室温 特性 (a) 

1．7％ (b)2．1％ (c)2．6％．插图显示的是晶格失配度为 2． 

6％的 InGaAs探测器室温响应光谱 

the InA1As buffer layer[ 。。
． The inset 0f Fig．5 sh0ws 

the response spectrum at room temperature of sample 

(c)；the fluctuations in the response spectrum around 

1．4 m，1．9p,m，and 2．5～2．8 m correspond to the 

water vapor absorption bands．The PD shows response 

peak at about 2．64p,m，with 50％ cut-off wavelength 

of 2．89p,m，which matches quite well with the PL 

results．Therefore，for the metamorphic InGaAs PDs 

with lattice mismatch to the InP substrate from 1．7％ 

to 2．6％ ．the grading rate of around 1％ p,m should 

be slow enough． It is inappropriate to expect the 

further improvement of the PD performance by slowing 

the grading rate Mone． 

3 Conclusions 

InP—based metamorphic InGaAs PD structures with 

lattice mismatch up to 2．6％ have been grown on In． 

AlAs continuously graded buffers with a relatively high 

mismatch grading rate of 1．1％ m～ by GSMBE，and 

compared to the samples with the same structures but 

smaller lattice mismatch of 1．7％ and 2．1％ to the InP 

substrate．The characteristics were investigated by the 

measurements of AFM．x ray diffraction．PL and de． 

vice performances．Resuhs show that the buffer Iayers 

with relatively high mismatch grading rate are efficient 

for the metamorphic PD structures． Moderate surface 

morphology，large degree of relaxation and feasible op— 

tical characteristics have been obtained．The cut．off 

wavelength of the device with 2．6％ mismatch to the 

InP substrate is about 2．9 txm at room temperature， 

while a typical dark current of 2．56 A at the reverse 

voltage of 10mV has been achieved for the device with 

300 tzm diameter． 
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